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A B S T R A C T
The research program was designed to  accomplish th ree  major o b je c t iv e s .  
These were t o t  1) id e n t i f y  and c h a ra c te r iz e  the water q u a l i t y  changes th a t  
w i l l  occur as a r e s u l t  o f  the movement o f  western coa l by s lu r r y  p ip e l in e ;  2) 
determine the f e a s i b i l i t y  o f  u t i l i z i n g  poor ( im pa ired )  q u a l i t y  w a te r,  such as 
m un ic ipa l and in d u s t r i a l  e f f l u e n t s ,  as the s lu r r y  medium, and: 3) determine 
the trea tm en t measures a p p l ic a b le  fo r  r e s to r in g  the s lu r r y  wastewater q u a l i t y  
to  acceptab le  le v e ls ,  i f  re q u ire d .  The focus o f  the research program was gen­
e r ic  ra th e r  than s p e c i f i c  f o r  any p a r t i c u la r  p ip e l in e .  Consequently, the  em­
phasis was on e s ta b l is h in g  general ranges o f data ra th e r  than on abso lu te  pa r­
ameter values fo r  a s p e c i f i c  coal and water source.
S ix v a r ia b le s  were es ta b l ish e d  f o r  the experim enta l work. These are coal 
source, in f l u e n t  water q u a l i t y ,  s lu r r y  s o l id s  c o n c e n tra t io n ,  m ix ing r a te ,  de­
te n t io n  t im e ,  and the type o f  environment to  which the s lu r r y  was to  be expo­
sed. One run f o r  each set o f  data was conducted w i th  d i s t i l l e d  water to  p ro ­
v ide  comparable data among coal sources as a fu n c t io n  o f t im e . Well waters , 
su rface  water and secondary -trea ted  m un ic ipa l wastewater were a lso  used as 
water sources. Three sources o f  coal were used in  the experim enta l work. 
T h i r t y ,  f o r t y ,  f i f t y  and s ix t y  percen t s o l id s  s lu r r ie s  were used to  determine 
the e f fe c ts  o f s lu r r y  s o l id s  co n ce n tra t io n s  on water q u a l i t y .  Two m ix ing 
ra te s  were used to  determine the e f fe c ts  o f t h is  v a r ia b le  on the c h a ra c te r is ­
t i c s  o f the s lu r r y  wastewater. A e rob ic ,  anaerobic and sequ en t ia l a e ro b ic -a ­
naerobic environments were u t i l i z e d  to  i d e n t i f y  the impact o f  t h i s  v a r ia b le  on 
water q u a l i t y .
The water q u a l i t y  parameters measured inc luded a l k a l i n i t y ,  aluminum, b io ­
chemical oxygen demand, ca lc ium , chemical oxygen demand, chromium, copper, 
d isso lve d  s o l id s ,  i r o n ,  lead , manganese, magnesium, mercury, n i t r a t e ,  pH, 
phosphate, potassium, s i l i c a ,  s p e c i f i c  conductance, sodium, s u l f a te ,  t i t a n iu m ,  
t o t a l  hardness and z in c .
The r e s u l t s  o f the in v e s t ig a t io n s  in d ic a te d  th a t  r e l a t i v e l y  h igh concen tra ­
t io n s  o f  hardness, d isso lve d  s o l id s ,  s u l fa te  and sodium w i l l  r e s u l t  from the 
s lu r r y  p ip e l in in g  o f  the western coa ls  in v e s t ig a te d .  Lower co nce n tra t io ns  o f 
aluminum, c h lo r id e ,  lead , n i t r a t e  and t i ta n iu m  can be expected in  the  s lu r r y  
wastewater. The co nce n tra t io ns  o f  seve ra l parameters were below the  d e te c ta ­
b le  l i m i t s  o f  the t e s t  procedure used. These inc luded  chromium, copper, i r o n ,  
manganese, mercury, phosphate and z in c .
The data fo r  the parameters i d e n t i f i e d  are inc luded  in  the re p o r t  as func ­
t io n s  o f coal source, water source, percent s lu r r y  s o l id s ,  m ix ing r a te ,  deten­
t io n  t im e ,  and the type o f  environment used. Comparisons o f the data f o r  the 
s ix  v a r ia b le s  are a lso  inc luded .
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Interest in the use of coal slu rry  pipelines fo r transporting large volumes 
of coal over long distances has increased rapidly in the last decade. Undoub­
tedly, several factors have contributed to th is  expanded in te rest. Among 
these are the successful completion and operation of the Black Mesa pipe line, 
the need fo r expanded usage of the nation's coal resources to reduce depend­
ence on foreign o i l ,  the projected economies in transportation costs of s lu rry  
pipelines, other benefits of the movement of large volumes of coal over long 
distances by slurry pipelines, and certain legal and regulatory requirements.
The a b il ity  to move coal by s lurry pipelin ing has clearly been demonstrated 
by the Black Mesa and Consolidated Coal Company pipelines. The Black Mesa 
pipeline has been operated for over a decade with very high a v a ila b ility  and 
re l ia b il i ty  characteristics. This pipeline, which delivers coal from near 
Kayenta in northeastern Arizona to the Mohave Power Station in southeastern 
Nevade, has a capacity of about five  m illion  tons per year. The Consolidated 
Coal Company pipeline was constructed in the mid-1950's to deliver coal from 
near Cadiz, Ohio to Cleveland E lectric Illum inating Company's Eastlake Sta­
tion . The Consolidated Coal Company pipeline was operated fo r a lim ited pe­
riod of time (about 6 years) because a subsequent reduction in fre ig h t rates 
made movement of the coal by ra i l  more economical. The pipeline was termed 
both a technical and economic success because of the reduction in fre igh t 
rates and because of operating characteristics of the pipeline.
Expansion of the nation's coal extraction, transportation, and u t il iz a tio n  
capab ilities must c learly be accomplished i f  the stated goal of substantially
1
reducing dependence on imported petroleum is  me t. Construction of new coal- 
fired  power plant and other large furnaces, and conversion of selected power 
plant furnaces from gas- and/or o il- f ire d  units to coal w il l resu lt in in ­
creased u til iz a tio n  of the coal. Gasification and liquefaction of coal, when 
implemented, w ill also increase coal usage.
Concerning coal transportation, the alternatives for transporting the coal, 
or the energy contained in the coal, include expansion and upgrading of e x is t­
ing r a i l  capacity, construction of coal slurry pipelines, barging (where al- 
p licab le ), generation of e lectric  power with subsequent movement of the elec­
t r ic  power by extra high voltage (EHV) transmission lines, gasification and/or 
liquefaction of the coal with subsequent movement of the gaseous or liqu id  fu­
els to the use sites, by truck when re la tive ly  short distances are involved, 
or by a combination of these a lternative. In most of the western United 
States where large deposits of coal are located, the available water resources 
are lim ited. The seventeen western states u t i l iz e  the appropriation water 
doctrine and have developed available water resources generally to a much 
greater extent than the 31 contiguous eastern states. Because of the lim ited 
water resources, u t il iz a tio n  of the coal resources in these states must be ac­
complished in a water e ff ic ie n t manner. A comparison of the water require­
ments fo r the several alternatives for moving the coal indicates that both 
ra i l  and slurry pipeline shipment require less water than gasifica tion, lique­
faction or e lectric  power generation with subsequent transportation of the a l­
ternate energy forms. Because i t  is doubtful that a single transportation 
node w ill be used for moving the coal from the sources in the western states
to use s ites in other parts of the United States, expansion of the nation's 
slurry pipeline capacity would seem to be both inevitable and required. Barg-
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surface watercourse. Consequently, the need to develop quality data on the 
slurry wastewater did not exist prior to the expanded interest in coal slurry 
pipelines which developed in the early 1970's. Because of the lack of data on 
water quality characteristics, the research progran on which th is report is 
based was developed to provide data on the characteristics of the slurry 
wastewater and on the treatment Measures available for restoring the slurry 
wastewater to the level required for reuse, i f  needed, or for discharge to 
surface watercourses.
purpose
The purpose of th is  report is to present the data developed during the re­
search program. The data are presented in three sections corresponding with 
the three Major objectives of the research program. These were to: 1) iden­
t i f y  and characterize the water quality changes which w ill occur in the slurry 
pipelining operation; 2) determine the fe a s ib ility  of u til iz in g  poor (in - 
paired) water, such as Municipal and industria l effluents, as the slurry me- 
dia, and; 3) determine the treatment Measures applicable for restoring the 
slurry wastewater quality to acceptable levels, i f  required.
SCOPE
The report includes data on the characteristics of slurry wastewater with 
respect to a lk a lin ity , aluminum, biochemical oxygen demand, calcium, chemical 
oxygen demand, chromium, copper, dissolved solids, iron, lead, Manganese, mag- 
nesium, Mercury, n itra te , pH, phosphate, potassium, s il ic a , specific conduc-
tance, sodium, sulfate, titanium, to ta l hardness and zinc. Comparisons of the 
slurry wastewater characteristics from s lu rries prepared with two coals and
3
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ing, as a sole transportation node, is not available fo r Much of the western 
coal. Additionally, the distances involved are usually so large that e f f i ­
cient movement of large volumes of coal by truck, is not practica l.
The projected life -cyc le  costs of moving large volumes of coal over long 
distances by slurry pipeline are usually substantially less than the costs of 
movement by r a i l .  These lower costs have undoubtedly contributed s ig n if i­
cantly to the expanded interest in slurry pipelin ing. One of the reasons 
given for these lower costs in the large percentage of to ta l project cost 
which represents capital investment. The large ra tio  of capital to operating 
and maintenance costs renders the pipeline less susceptible to in fla tionary 
pressures.
During nost of the past decade, the use of low-sulfur coal constituted a 
best available control technology for power plants. Consequently, numerous 
power plants in the United States were designed to use low-sulfur western 
coal. A su ffic ien t number of these Markets were long distances from the coal 
sources as to provide feasible circumstances for coal slurry pipelines.
The two coal slurry pipelines constructed to move coal over re la tive ly  long 
distances were completed under cirumstances which do not currently exist for 
nost of the United States. The Consolidated Coal Company pipeline was con­
structed in the nid-1950's prior to nost of the environmental leg is la tion  
which currently exists. S im ila rly , the Black Mesa pipeline project was com­
pleted prio r to i mplenentation of the National Environmental Policy Act. Ad­
d itio n a lly , the location of the terminus of the Black Mesa pipeline in south­
ern Nevade renders evaporation of the coal slurry wastewater a very effective 
treatment Measure. No need exists to discharge the slurry wastewater to a
d is tille d  water are provided to indicate the effects of coal source on waste­
water characteristics. S im ilarly, comparisons of slurry wastewater character­
is tics  from slurries prepared with d is tille d  water and other water sources are 
provided to yield indications of the effects of in fluent water quality on the 
characteristics of the slurry wastewater. The influence of nixing rate on the 
slurry wastewater quality is also indicated by graphical comparisons of the 
several parameters at two mixing speeds. Data developed with 30, 40, 50 and 
60 percent solids s lurries are also included to provide indications of the e f­
fects of solids concentration on slurry wastewater quality. Experimental runs 
were conducted using aerobic, anaerobic and sequential aerobic-anaerobic envi­
ronments to determine the effects of th is  variable on the slurry wastewater 
characteristics. These data are also included in the report.
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Chapter I I
SUMMARY OF FINDINGS AND CONCLUSIONS
1. Water quality changes occur as a resu lt of the slurry pipelin ing 
process. The significance of these changes w ill o rd inarily  be a 
project specific consideration dependent on the coal and water used 
to from the s lu rry , the water quality standards in the receiving 
state, and the flow and water quality of the receiving stream.
2. The type and extent of the water quality changes which occur is 
a function of both the coal and water sources used for the pipeline 
system.
3. The magnitude of the parameter concentrations in the slurry 
wastewater ( liq u id  remaining following liqu id -so lids  separation) is 
a function of the slurry solids concentration. However, the in ­
creases in parameter concentrations were generally not linear with 
the slurry solids levels. Increases in parameter concentrations 
usually decreased with increasing solids levels.
4. For nost parameters, the background concentrations in the water 
used to from the slurry w ill resu lt in greater concentrations in the 
slurry wastewater. However, the increases in concentrations were 
not un iform among parameters. That is , for some parameters, the 
concentrations in the slurry wastewater were equal, or nearly so, to 
the sun of the concentrations resulting from nixing of the coal with
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d is tille d  water and the background concentration in the water used 
to form the s lurry. For other parameters, no increase in concentra­
tion resulted from the background concentration. The concentrations 
of nost parameters were at some point between these two extremes.
5. For nost parameters, the rate of nixing w ill influence the mag- 
nitude of parameter concentrations in the slurry wastewater. In­
creases in nixing rate w ill result in larger concentrations in the 
slurry wastewater.
6. The influence of the type of environment (aerobic, anaerobic, 
sequential aerobic-anaerobic)used for nixing varied from very l i t t l e  
to considerable depending on the parameter of in terest. For some 
parameters, the use of aerobic and anaerobic environments resulted 
in essentially the sane concentrations as a function of detention 
tine . For other parameters, s ign ifican tly  d iffe rent concentrations 
resulted.
7. The change in parameters concentrations as a function of t i me was 
very parameter specific. These changes varied from decreasing con­
centrations with increasing detention tine to increasing concentra­
tions with increasing detention tine . For certain paramters, the 
concentrations in the slurry wastewater following a one hour deten­
tion tine were, for practical purposes, representative of those for 
the longer detention tines.
8. The use of the slurry wastewater as slurry make-up water w ill 
generally result in higher concentrations in the fin a l slurry waste-
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water. The significance of these higher concentrations ranges from 
none, or very l i t t l e ,  to substantial.
9. The metal concentrations in the recycled slurries generally 
tended to reach an equilibrium concentration either from upward or 
downward Migration, depending on the in i t ia l  concentration.
10. The concentrations of several of the heavy metals monitored in
the slurry wastewaters were below the detectable lim its  of the test 
procedure used. Depending on the water quality standards in the re­
ceiving state, concentration of the slurry wastewater may be re­
quired to determine compliance with state water quality standards.
11. Regardless of the in i t ia l  concentration, the net change in to ­
ta l a lka lin ity  over an extended period of time was for decreasing 
concentrations with increasing detention times.
12. The a lka lin ity  concentrations in the slurry wastewaters were a 
function of the slurry solids level used in forming the s lurry. 
That is , the to ta l a lka lin ity  increased with increasing slurry sol­
ids levels. However, the decreasing trends resulting in to ta l alka­
l in i ty  concentrations within the same general range after a re la­
tive ly  short detention period.
13. No phenolphthalein a lk a lin ity  was present in any of the slurry 
wastewater samples.
14. The magnitude of the to ta l a lka lin ity  concentrations in slurry 
wastewaters prepared with short detention periods was a function of
coal source. However, these differences were generally masked, for 
the longer detention period data, by the tendency for to ta l a lka lin ­
ity  to decrease as a function of time.
15. The magnitudes of the to ta l a lka lin ity  concentrations in the 
slurry wastewaters were a function of mixing speed with the higher 
mixing speeds resulting in larger to ta l a lka lin ity  concentrations 
for the shorter detention times.
16. The to ta l a lka lin ity  concentrations in slurry wastewaters were 
greater in anaerobic environments than in aerobic environments. The 
effect of coal source was significant in th is  respect. That is , the 
difference in to ta l a lka lin ity  in the slurry wastewaters prepared 
with the Wyodak coal in aerobic and anaerobic environments was main­
tained through an eleven day detention period, whereas the d if fe r ­
ence in to ta l a lka lin ity  at the end of an eleven day detention pe­
riod was small for slurry wastewaters prepared with South Bel Air 
coal and d is tille d  water.
17. The influence of the to ta l a lka lin ity  in the water used for 
forming the slurry was negligible in the sequential aerobic- anaero­
bic experiments. In it ia l a lka lin itie s  up to 250 milligrams per 
l i te r  (as CaC03) were decreased to re la tive ly  low levels within the 
30 hour aerobic period.
18. Total a lka lin ity  concentrations in slurry wastewaters prepared 
with secondary-treated municipal wastewater exhibited the same gen­
eral trends as did to ta l a lka lin ity  in slurry wastewaters prepared 
with d is tille d  water. That is , the trends for decreasing concentra-
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tions with increasing detention tines and for increasing to ta l alka­
l in i t y  with increasing slurry solids levels for short detention 
tines were clearly evident.
19. The influence of coal source on to ta l a lk a lin ity  concentrations 
in the slurry wastewaters was not masked by the to ta l a lk a lin ity  in 
the municipal wastewater used to fo rm the s lu rries .
20. The to ta l a lka lin ity  concentrations in s lu rry weastewaters pre­
pared with secondary-treated Municipal wastewater were greater than 
those in slurry wastewaters prepared with d is tille d  water. However, 
these difference were nominal in the longer detention tines.
21. The aluminum concentrations in slurry wastewaters were a func­
tion of the percent solids in the s lu rries . That is , the aluminum 
concentrations increased with increasing solids levels.
22. The aluminum concentrations in slurry wastewaters were a func­
tion of coal source for the coals investigated. However, the d i f ­
ferences in concentrations were not large and a lmost certa in ly would 
not be s ign ifican t.
23. The general trends fo r aluminum in slurry wastewaters prepared 
with aerobic environments were a function of coal source. That is , 
the general trend in slurry wastewaters prepared with one coal was 
for s lig h tly  increasing concentratons with increasing detention 
tine , whereas the trend for the slurry wastewaters prepared with an­
other coal was for the concentrations to remain about the same.
1G
However, the difference in these trends would not be s ign ificant for 
nearly a ll c ircumstances.
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24. The aluminum concentrations in the slurry wastewaters were a 
function of nixing speed, particu la rly  in the shorter detention pe­
riods. However, the overall tendency was for th is  difference to be 
decreased with increasing detention tine.
25. The general trend for aluminum in the slurry wastewaters was 
for larger concentrations in anaerobic environments than in aerobic 
environments. However, th is difference would not be s ign ifican t, 
fro m a practical viewpoint, in both coals used in the investiga­
tions.
26. Aluminun concentrations in slurry wastewaters prepared in se­
quential aerobic-anaerobic environments were a function of the water 
source. That is , waters with higher aluminum concentrations yielded 
larger concentrations in the slurry wastewater. However, the alumi-  
num concentrations migrated to the 0.7 to 1.0 mi l l ig r a m per l i te r  
range within the 30-hour aerobic nixing period and remained about 
the sane during the anaerobic phase.
27. The use of the slurry wastewater as the water source resulted 
in higher aluminum concentrations in the fina l slurry wastewater. 
However, the increase in concentration was nominal and would not be 
significant in nost circumstances.
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28. The five-day biochemical oxygen demand concentrations in slurry 
wastewaters were a function of coal source. This difference would 
be sign ificant for the coals used in the investigations.
29. The general trend was for decreasing five-day biochemical oxy­
gen demand concentrations with increasing detention t i me. This 
tendency was more pronounced with the Bel Air coal than the Wyodak 
coal, and occurred in s lurries prepared in both aerobic and anaero­
bic environments.
30. The five-day biochemical oxygen demand concentrations in slurry 
wastewaters mixed in anaerobic environments were greater than those 
mixed in aerobic environments. For long distance pipelines, th is 
difference would not be sign ificant because of the tendency for de­
creasing concentrations with increasing detention tine .
31. The tendency for decreasing five-day biochemical oxygen demand 
concentrations was more pronounced in slurry wastewaters prepared 
with secondary-treated municipal wastewater than in those prepared 
with d is tille d  water.
32. The five-day biochemical oxygen demand concentrations in slurry 
wastewaters increased with increasing percent solids s lu rries . In 
short detention periods for aerobic s lu rries , these differences were 
s ign ifican t. However, the trend for decreasing five-day biochemical 
oxygen demand concentrations as a function of detention tine masked 
the in i t ia l  difference, in the longer detention period investiga­
tions.
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33. An apparent tendency for larger five-day biochemical oxygen de­
mand concentrations in slurry wastewaters resulting from aerobic 
s lurries mixed at higher speeds was evident. However, th is  tendency 
was also masked by the decreasing trends.
34. The sane trends were evident for slurry wastewaters prepared 
with slurries formed with the secondary-treated municipal wastewater 
as for those formed with d is tille d  water. These trends were for in ­
creasing concentrations in the higher solids s lu rries, fo r decreas­
ing five-day biochemical oxygen demand concentrations as a function 
of detention time, and for masking of those and other factors in the 
longer detention time situations by the decreasing trends.
35. No clearly discernable difference was evident concerning the 
influence of the use of slurry wastewater as the slurry media in re­
cycle systems on the biochemical oxygen demand concentrations in the 
fin a l slurry wastewater.
36 . The chemical oxygen demand concentrations in slurry wastewaters 
prepared with s lurries of various solids levels were a function of 
the solids levels u tilize d . That is , the chemical oxygen demand in ­
creased with increasing solids concentration.
37. The chemical oxygen demand concentrations in slurry wastewaters 
prepared with s lurries mixed at higher speeds were generally greater 
than those mixed at lower speeds. These differences were re la tive ly  
small.
38. Although the chemica l oxygen demand concentrationi i n i t i a l l y  
increased as a function of detention t in e ,  the net change over 
longer detention periods was fo r  lower chemic a l oxygen demand con­
centra tions.
39. The chemica l oxygen demand concentrations in  the s lu rry  waste- 
waters were c le a r ly  a function of coal source. This d ifference was 
s ig n i f ic a n t .
40. The chemica l oxygen demand concentrations were generally higher 
in s lu rry  wastewaters resu lt ing  fron s lu r r ie s  nixed in anaerobic en- 
v ironments than fron those nixed in  aerobic environments.
41. The chemica l oxygen demand concentrations in s lu rry  wastewaters 
re su lt ing  fron s lu r r ie s  nixed with various water sources were re la ­
t iv e ly  independent of water source a f te r  a detention t i me of about 
seven days.
42. The chemic a l oxygen demand concentrations in s lu rry  wastewaters 
re su lt ing  fron s lu r r ie s  fo rmed with secondary-treated mun ic ipa l 
wastewater indicated a greater tendency to decrease as a function of 
detention t in e  than did those prepared with d is t i l l e d  water.
43. No c le a r ly  discernable trend was evident with respect to e ithe r 
larger or sma l le r  concentrations in s lu r r ie s  prepared with once- 
through or recycled s lu rry  wastewaters.
44. In general, the five-day biochemica l and chemica l oxygen demand 
concentrations were approximate ly  p a ra l le l  as a function of t in e .
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45. The five-day biochemical oxygen demand to chemical oxygen demand 
ratios were clearly coal source specific . These ratios averaged 
0.39 and 0.56 for slurry wastewaters prepared fro m slurries fo rmed 
with d is tille d  water and Wyodak and South Bel Air coals, respec­
tive ly .
46. The chloride concentrations remained re la tive ly  constant with 
respect to detention tine for both coals investigated.
47. Chloride concentrations in the slurry wastewaters were clearly 
coal source specific for the coals used in the investigation.
48. The chloride concentrations in the slurry wastewaters were gen­
era lly a function of the slurry solids concentration. That is , the 
chloride concentrations increased with increasing solids levels.
49. For the coals investigated, the chloride contributed by the 
coal was so low that the contribution would not be s ign ifican t.
50. In near ly  a l l  cases, the c h lo r id e  in  the water used t o  fo rm the 
s l u r r y  would be Much more s i g n i f i c a n t  than t h a t  c o n t r ib u te d  by the 
coa l ,  f o r  the coals in v e s t ig a te d  and would Mask the c o n t r i b u t i o n  by 
the coa ls .
51. The to ta l hardness concentrations in slurry wastewaters pre­
pared with both coals were re la tive ly  large and would probably be 
s ign ificant depending on the specific circumstances involved in a 
particular pipeline system.
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52. The average calcium to to ta l hardness ratios were re la tive ly  
constant in slurry wastewaters prepared with d is t i lle d  water. These 
ratios were 0.52 and 0.61 for slurry wastewaters prepared with Wyo- 
dak and South Bel Air coals, respectively.
53. The calcium to to ta l hardness ratios were coal source specific.
54. Both calcium and to ta l hardness were functions of the slurry 
solids levels. That is , the concentrations of both parameters in ­
creased with increasing slurry solids levels.
55. The to ta l hardness concentrations in slurry wastewaters pre­
pared with Wyodak and South Bel Air coals were about the same.
56. The to ta l hardness concentrations tended to increase with in ­
creasing nixing speed.
57. The to ta l hardness concentrations in slurry wastewaters re s u lt­
ing fro m slurries nixed in aerobic and anaerobic environments were 
about the sane. Thus, the type of environment had re la tive ly  l i t t l e  
influence on the concentrations in the slurry wastewaters.
58. The hardness concentrations were substantially increased as a 
result of using recycled slurry wastewater as the slurry media. 
This increase would be s ign ifican t in that tre a tment costs would be 
increased. However, the increased trea tment costs would not affect 
project fe a s ib ility ,  except on the very marginal pipeline projects.
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59. The hardness concentrations in slurry wastewaters were in ­
creased by the use of secondary-treated municipal wastewater. How­
ever, the increased concentrations were less than the sum of the 
hardness contributed by the coal in d is t i lle d  water studies and the 
background concentration in the municipal wastewater. Thus, the 
hardness concentrations were Mitigated.
60. The hardness concentrations resulting from the use of the west­
ern coal would probably be s ign ificant with respect to both reuse of 
the slurry wastewater in heat exchange systems, and with respect to 
discharge of the slurry wastewater to surface watercourses. The 
fo rmer because of the precip itation of calcium carbonate on heat ex­
change surfaces and the la tte r because of the contribution of the 
hardness to dissolved solids.
61. The lead concentrations in the slurry wastewaters increased 
with increasing slurry solids levels. However, these increases were 
clearly not linear with increasing solids levels.
62. The lead concentrations were larger in the s lu rry  wastewaters 
prepared f r o m s lu r r ie s  Mixed with higher speeds than in those mixed 
at lower speeds.
63. The interaction of the coal and water varied with coal source 
with respect to lead concentrations in the slurry wastewaters. The 
lead concentrations in slurry wastewaters prepared with the Wyodak 
coal remained about the same, whereas the concentrations in slurry 
wastewaters prepared with South Bel Air coal in aerobic environments 
tended to increase, pa rticu la rly  fo r the shorter detention periods.
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64. The lead concentrations were clearly coal source specific for 
the coals investigated.
65. For practical purposes, the lead concentrations were not a f­
fected by the type of environment as the concentrations in the aero­
bic and anaerobic environments were essentially the same.
66. The lead concentrations in slurry wastewaters prepared from 
s lu rries mixed in sequential aerobic-anaerobic environments migrated 
to the same general range during the aerobic mixing period regard­
less of the in i t ia l  concentration.
67. The use of slurry wastewater as s lurry media resulted in 
s lig h tly  higher lead concentrations in the f in a l slurry wastewater. 
However, th is  increase was re la tive ly  smalll.
68. The lead concentrations in the slurry wastewater may well be 
s ign ifican t with respect to the direct discharge of the slurry 
wastewater to surface watercourses. An evaluation of th is  s ig n if i­
cance must be conducted with project specific considerations. State 
water quality standards and receiving watercourse characteristics 
would determine the significance of the lead.
69. The n itra te  concentrations in slurry wastewaters were re la ­
tiv e ly  independent of mixing speed, and were only nominally depend­
ent on slurry solids levels.
70. The n itra te  concentrations in slurry wastewaters were s ig n if i­
cant for both coals and would be adequate for biological treatment.
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71. The n itra te  concentrations in slurry wastewaters were re la­
tive ly  independent of the water source used for the d is ti lle d  water 
and the two well waters investigated.
72. The background n itra te  concentrations in the secondary-treated 
Municipal wastewater resulted in larger concentrations in the slurry 
wastewaters when compared with the d is tille d  water data. However, 
the background concentration plus the n itra te  contributed by the 
coal were not additive.
73. Use of the slurry wastewater as slurry Media in the slurry re­
cycle studies resulted in higher n itra te  concentrations in the fin a l 
slurry wastewater for the longer detention tiMe c ircumstances.
74. The general trend for pH was for increasing pH values with in ­
creasing detention t i me for the aerobic sixty-hour studies.
75. Only nominal differences in pH resulted froM  the use of d if fe r ­
ent solids levels in the s lurries used to prepare the slurry waste- 
waters.
76. Only nominal differences in pH values resulted froM the use of 
d if fe re n t  nixing speeds in preparing the s lu rry  wastewaters.
77. The pH values of the slurry wastewaters were coal source spe­
c if ic .
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78. The pH values in  the s lu r r y  wastewaters were c le a r l y  func t ions  
o f  the type o f  environment to which the s l u r r i e s  were exposed dur ing 
the n ix ing  per iod .  The s l u r r y  wastewaters ex t rac ted  from s l u r r i e s  
nixed under anaerobic environments were c le a r l y  h igher than those 
ex t rac ted  from s l u r r i e s  nixed in  aerobic environments.
79. The pH values were r e l a t i v e l y  independent o f  water source.
80. The use o f  the s lu r r y  wastewater as s l u r r y  media in  s l u r r y  re 
cyc le  i n v e s t ig a t io n s  resu l ted  in  lower pH values when compared w i th  
once-through systems.
81. The potassium concen t ra t ions  in  a l l  s l u r r y  wastewaters i n v e s t i ­
gated were s u f f i c i e n t l y  low as to be i n s i g n i f i c a n t .  The minor con­
t r i b u t i o n  of  the potassium to d isso lved s o l id s  represents  the s ig ­
n i f i c a n c e  of  t h i s  parameter.
82. The potassium concentra t ions were c le a r l y  coal source s p e c i f i c .
83. The potassium concen t ra t ions  in  s l u r r y  wastewaters ex t rac ted 
from s l u r r i e s  mixed in  aerobic and anaerobic environments were some­
what d i f f e r e n t .  However, t h i s  d i f f e re n c e  was small and was not s i g ­
n i f i c a n t  f o r  the western coals in ves t iga ted .
84. The potassium concentra t ions in  s l u r r y  wastewaters ex t rac ted  
from s l u r r i e s  mixed in  sequent ia l  aerob ic-anaerob ic  environments i n ­
dicated a tendency f o r  m ig ra t ion  to  a r e l a t i v e l y  narrow range. This 
range was from 5 to  8 m i l l ig ram s per l i t e r .
85. The use of  secondary-t reated mu n ic ip a l  wastewater r e s u l te d  in 
higher  po tass ium concen t ra t ions  in  the s l u r r y  wastewater,  p a r t i c u ­
l a r l y  f o r  the shor t  de ten t ion  per iods .  However, t h i s  d i f f e r e n c e  was 
not s i g n i f i c a n t  f o r  the coals used in the s tud ies .
86. The use of  the s l u r r y  wastewater as s l u r r y  media in  recyc led 
s l u r r i e s  resu l ted  in  higher po tass ium concen t ra t ions  in  the f i n a l  
s l u r r y  wastewater. However, t h i s  d i f f e re n c e  has l i t t l e  p r a c t i c a l  
s ig n i f i c a n c e  f o r  the c i r c u mstances in v e s t ig a te d .
87. S i l i c a  concentra t ions  in  the s l u r r y  wastewaters ex t rac ted  f r o m 
s lu r i e s  mixed at  h igher speeds were la rge r  than in  s l u r r i e s  mixed at  
lower speeds.
88. The s i l i c a  data were Mixed w i th  respect to  the ra te  o f  s o l u t i o n  
as a fun c t io n  of  t i me. I n v e s t ig a t io n s  conducted on newly crushed 
coal  ind ica ted  a c lea r  t rend f o r  inc reas ing  s i l i c a  concen t ra t ions  
w i th  inc reas ing  de ten t ion  t i n e .  However, o lder  coal showed a tend­
ency f o r  the concen t ra t ions  to  r e main about the sane as a fu n c t io n  
of  t i n e .
89. Only nomin a l  d i f fe re n c e s  in the s i l i c a  concen t ra t ions  in s l u r r y  
wastewaters ex t rac ted  f r o m s l u r r i e s  nixed in  aerobic and anaerobic 
env i ronments were ev iden t .
90. The s i l i c a  c on t r ibu ted  by the secondary- t rea ted  mu n i c ip a l  
wastewater was c l e a r l y  ev ident  f r o m comparisons o f  s l u r r y  wastewa­
te rs  prepared w i th  d i s t i l l e d  water and mu n ic ip a l  wastewater.
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91. The use of  the s l u r r y  wastewater as the s l u r r y  Media f o r  recy ­
cled s l u r r i e s  res u l ted  in higher  concen t ra t ions  in  the f i n a l  s l u r r y  
wastewater.
92. The sodiuM concen t ra t ions  in  s l u r r y  wastewaters e x t ra c ted  f r o m 
s l u r r i e s  prepared w i th  several  s o l i d s  le v e ls  were c l e a r l y  dependent 
on the i n i t i a l  s o l id s  l e v e ls .  However, the increased concen t ra t ions  
r e s u l t i n g  froM higher  s o l i d s  l e v e ls  were not l i n e a r  w i th  the s o l i d s  
c o n c e n t ra t io n s .
93. The sod ium concen t ra t ions  in  s l u r r y  wastewaters g e n e ra l l y  were 
s e n s i t i v e  to mix in g  speed w i th  the h igher  mix in g  speeds y i e ld i n g  
la rg e r  sod ium concen t ra t ions .  However, these d i f f e re n c e s  were sma l l  
and would not be s i g n i f i c a n t  f o r  the western coals i n v e s t i g a te d .
94. The sodiuM concen t ra t ions  were coal  source s p e c i f i c  and tended 
to r e main r e l a t i v e l y  constant as a f u n c t io n  o f  de ten t ion  t iM e.
95. Because of  the r e l a t i v e l y  high d isso lved s o l id s  concen t ra t ions  
in  the s l u r r y  wastewater,  the sod ium concen t ra t ions  were s i g n i f i c a n t  
f o r  two reasons. One reason i s  the c o n t r i b u t i o n  to d isso lved  s o l ­
id s ,  and the second because the re moval  o f  sodiuM f r o m water i s  More 
expensive than the r e moval  o f  M u l t i - v a l e n t  Metal c a t io n s ,  such as 
c a l c ium and MagnesiuM. The ex ten t  of  t h i s  s i g n i f i c a n c e  i s  dependent 
on the d isso lved  s o l i d s  concen t ra t ions ,  on the o ther  c o n s t i t u e n ts  in  
the water ,  and on the need f o r  reducing the d isso lved  s o l i d s  concen­
t r a t i o n .
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96. For p r a c t i c a l  purposes, the i n i t i a l  sodium concen t ra t ions  were 
rep resen ta t ive  o f  those encountered in  the remainder o f  the i n v e s t i ­
ga t io n .
97. The sodium concen t ra t ions  tended to  Mig ra te ,  e i t h e r  to  lower or 
h igher  concen t ra t ions  depending on the i n i t i a l  concen t ra t ions ,  to  
the range f r o m about 100 to 150 m i l l ig ra m s  per l i t e r  in sequent ia l  
aerob ic -anaerob ic  envi ronments.
98. The use of  s l u r r y  wastewater as s l u r r y  media f o r  recyc led 
s l u r r y  in v e s t i g a t io n s  resu l ted  in higher  sodiuM concen t ra t ions  in 
the f i n a l  s l u r r y  wastewater. These higher concen t ra t ions  may be 
s i g n i f i c a n t  w i th  respect to  q u a l i t y  upgrading o f  the wastewater.  
The s ig n i f i c a n c e  must necessar i ly  be evaluated on a p ro je c t  s p e c i f i c  
bas is .  Factors to  be inc luded in such an ana lys is  are the coal  and 
water sources, the water q u a l i t y  standards in  the r e c e iv in g  s t a te ,  
and the f low and water q u a l i t y  of  the re ce iv ing  watercourse.
99. The d isso lved s o l i d s  concen t ra t ions  in  the s l u r r y  wastewaters 
prepared w i th  both coals were s i g n i f i c a n t .  The ex ten t  o f  t h i s  s i g ­
n i f i c a n c e  is  also a fu n c t io n  o f  the s p e c i f i c  p ip e l i n e  cons idera ­
t io n s  .
100. The d isso lved s o l id s  concen t ra t ions  were c l e a r l y  a f u n c t io n  of  
the percentage of  coal  used in  the fo rmat ion  o f  the s l u r r i e s .  The 
increases in  d isso lved  s o l id s  were not l i n e a r  w i th  respect to  s o l id s  
l e v e l s .
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101. The d isso lved  s o l i d s  concen t ra t ions  were about the same ma g n i ­
tude in  s l u r r y  wastewaters prepared w i th  equ iva len t  percentages o f  
co a l .  However, the cons t i tuency  of  the d isso lved  s o l i d s  was coal  
s p e c i f i c .
102. The d isso lved  s o l i d s  concen t ra t ions  in  s l u r r y  wastewaters ex­
t ra c te d  f r o m s l u r r i e s  prepared w i th  d i s t i l l e d  water and secondary- 
t r e a te d  Munic ipal  wastewater were c l e a r l y  d i f f e r e n t  w i th  the M un ic i ­
pal  wastewater s l u r r i e s  e x h i b i t i n g  h igher  d isso lved  s o l i d s  
c onc e n t ra t io ns ,  as would be expected.
103. The use o f  s l u r r y  wastewater as s l u r r y  media in  s l u r r y  recyc le  
s y s te ms s i g n i f i c a n t l y  increased the d iso lved  s o l id s  concen t ra t ions  
in  the f i n a l  s l u r r y  wastewater.  The d isso lved  s o l id s  concen t ra t ions  
in  the f i n a l  s l u r r y  wastewater were s u f f i c i e n t l y  high to  be s i g n i f i ­
cant in  most c i r c u mstances.
104. The d isso lved  s o l i d s  to  s p e c i f i c  conductance r a t i o s  were con­
s i s t e n t  both w i th  respect  to  de ten t ion  t i me and to  s l u r r y  s o l id s  
l e v e l s .
105. The s p e c i f i c  conductance values were r e l a t i v e l y  i n s e n s i t i v e  to 
the type o f  env i ronment to  which the s l u r r y  wastewaters were expo­
sed.
106. The use o f  s l u r r y  wastewater as s l u r r y  media in  s l u r r y  recyc le  
i n v e s t i g a t i o n s  re s u l te d  in s u b s t a n t i a l l y  l a rg e r  s p e c i f i c  conductance 
values in  the f i n a l  s l u r r y  wastewater.
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107. S u l fa te  concen t ra t ions  were func t ions  o f  the percentage o f  t o ­
t a l  s l u r r y  weight ( s o l i d s  l e v e l )  represented by the coa l .  The s u l ­
f a te  concen t ra t ions  increased w i th  inc reas ing  s o l i d s  l e v e l s .  These 
increases were not l i n e a r ,  however.
108. The s u l f a t e  concen t ra t ions  in  the s l u r r y  wastewaters were coal 
source s p e c i f i c .  The d i f f e re n c e  in s u l f a t e  concen t ra t ions  was s i g ­
n i f i c a n t .
109. The s u l f a t e  concen t ra t ions  in  the s l u r r y  wastewaters were 
s e n s i t i v e  to mix in g  speed w i th  the higher  mix in g  speeds y ie ld i n g  
g rea te r  s u l f a t e  concen t ra t ions .
110. The s u l f a t e  concen t ra t ions  in  s l u r r y  wastewaters ex t ra c ted  
f r o m s l u r r i e s  prepared w i th  mu n i c ip a l  wastewater were c le a r l y  
g rea te r  than the s u l f a t e  c o n t r ib u te d  by the coal  in  d i s t i l l e d  water 
s l u r r i e s .
111. The use o f  s l u r r y  wastewater as s l u r r y  media in s l u r r y  recyc le  
i n v e s t i g a t io n s  g r e a t l y  increased the s u l f a t e  concen t ra t ions  in  the 
f i n a l  s l u r r y  wastewater.
112. Su l fa te  w i l l  be a s i g n i f i c a n t  parame te r  in  nost s l u r r y  p ip e ­
l i n e  sys tems both because of  i t  s c o n t r i b u t i o n  t o  t o t a l  d isso lved  
s o l i d s ,  and because s u l f a t e  i s  inc luded in  most s ta te  water q u a l i t y  
standards as a separate parame te r .  A d d i t i o n a l l y ,  s u l f a t e  i s  r e l a ­
t i v e l y  expensive to  r e move f r o m water in  compar ison  to  the M u l t i v a ­
le n t  me ta l  ca t ions .
113. The t i t a n i u m concen t ra t ions  in  s l u r r y  wastewaters were c l e a r l y  
s e n s i t i v e  to s o l i d s  le v e ls  in  the s l u r r i e s .  The concen t ra t ions  i n ­
creased w i th  in c reas ing  s o l id s  l e v e ls .
114. The t i t a n i u m concen t ra t ions  in  s l u r r y  wastewaters were coal  
source s p e c i f i c .
115. The t i t a n i u m concen t ra t ions  in s l u r r y  wastewaters were 
gene ra l l y  s e n s i t i v e  to  n i x in g  speed wi th  the higher  mix in g  speeds 
y i e ld i n g  higher  s u l f a t e  concen t ra t ions .
116. The use of  s l u r r y  wastewater as s l u r r y  Media in  s l u r r y  recyc le  
i n v e s t i g a t io n s  had very l i t t l e  e f f e c t  on the t i t a n i u m concen t ra t ions  
in  the f i n a l  s l u r r y  wastewater.
117. B io lo g ic a l  t r e a t ment f o r  the reduc t ion  o f  b iochemic a l  oxygen 
demand and chemic a l  oxygen demand is  a t e c h n i c a l l y  v ia b le  a l t e r n a ­
t i v e .  However, a c c l i ma t ion  of  the mic r o o r g a n is ms to the s l u r r y  
wastewater nay be requ i re d .  A d d i t i o n a l l y ,  the use of  p i l o t - s c a l e  
s tud ies  i s  recommended f o r  d e te rmin in g  design data.
118. Ac t iva ted  carbon t r e a t ment o f  the s l u r r y  wastewater f o r  reduc­
t i o n  o f  the biochemic a l  oxygen demand and chemic a l  oxygen demand 
concen t ra t ions  i s  a t e c h n i c a l l y  v ia b le  a l t e r n a t i v e .  Powdered a c t i ­
vated carbon dosage r e q u i r e ments are r e l a t i v e l y  h igh.
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119. As w i th  b i o l o g i c a l  t rea tm en t ,  the use o f  p i l o t - s c a l e  s tud ies  
i s  recommended f o r  carbon c o lu mn trea tment  systems to  determine the 
app rop r ia te  design data.
120. The use o f  hydroxide p r e c i p i t a t i o n  can be employed f o r  reduc­
ing the lead, t i t a n i u m, magnesium and c a l c i u m concen t ra t ions  in the 
s l u r r y  wastewater.
121. S i l i c a  and n i t r a t e  concen t ra t ions  are reduced as a r e s u l t  of  
hydroxide p r e c i p i t a t i o n .
122. The use of  l i ne -soda  ash so f te n ing  f o r  the reduc t ion  o f  c a l ­
c i u m and magnesium i s  s t r a i g h t - f o r w a r d  w i th  no unusual phenomena en­
countered.
Chapter I I I
BACKGROUND INFORMATION
The concept of  t r a n s p o r t i n g  coal  by s l u r r y  p i p e l i n e  dates back to  the la te  
1800's.  However, coal  s l u r r y  p ip e l i n e  s y s te ms invo lved  on ly  sh o r t  d is tances 
u n t i l  c o n s t ru c t io n  o f  the Consol idated Coal Company p ip e l i n e  in  the 
mid -1 9 5 0 's .  This p i p e l i n e ,  which Moved coal f r o m near Cadiz,  Ohio to  Cleve­
land E l e c t r i c  I l l u M i n a t i n g  Company's East lake S ta t io n ,  was 108 Mi les long. 
The p i p e l i n e  was used f o r  about s ix  years u n t i l  a subsequent reduc t io n  in 
f r e i g h t  ra tes  Made r a i l  shipMent More econoMical (1 ) .  However, the p ip e l i n e  
was Maintained in  a "ready" s ta tus  f o r  soMe t iMe should a subsequent increase 
in r a i l  f r e i g h t  ra tes  be s u f f i c i e n t  t h a t  p ip e l i n e  shipMent would be More eco- 
nom ical  (1 ) .
The second Major coal s l u r r y  p ip e l i n e  to be cons t ruc ted  in  the United 
States was the Black Mesa p ip e l i n e  which t ra n s p o r ts  coal froM near Kayenta in 
nor theas tern  Arizona to  the Mohave Power S ta t ion  in  southern Nevada. This 
p ip e l in e  i s  273 Mi les long w i th  an annual th rough-pu t  c a p a b i l i t y  of  about f i v e  
M i l l i o n  tons.  The Black Mesa p ip e l i n e  has been in  opera t ion  s ince 1970 and 
has d isp layed e x c e l le n t  r e l i a b i l i t y  c h a r a c t e r i s t i c s .  P ip e l in e  d i a me te r  i s  
eighteen inches f o r  Most of  the 273 M i les .  The diaMeter is  reduced to  12 
inches f o r  the purpose o f  d i s s ip a t i n g  head as the l i n e  descends froM the Moun­
ta inous t e r r a i n  in western Ar izona to the Colorado River  v a l l e y .
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DESCRIPTION OF SLURRY PIPELINING SYSTEMS
B a s ic a l l y ,  the coal  s l u r r y  p i p e l i n i n g  process c ons is ts  o f  th ree  pr imary 
steps or ope ra t ions .  These are s l u r r y  p repa ra t io n ,  s l u r r y  t r a n s p o r ta t i o n  or 
Movement, and dewater ing of  the s l u r r y .
S lu r r y  p repa ra t ion  inc ludes  crush ing and g r in d in g  of  the coal to  a s ize  
which can be kept in suspension, and fo rmat ion  of  the s l u r r y .  T ranspo r ta t ion  
of  the s l u r r y  mix t u r e  through the p ip e l i n e  i s  accomp l ished  by pimping. Dewa­
t e r i n g  of  the s l u r r y  M ix ture  f o r  recovery of  the coal  May be accomp l ished  by 
one or More of  severa l  t rea tMent  Methods.
S lur r y  Prepara t ion
Usual l y  at  le a s t  two steps are used f o r  o b ta in in g  the des i red  p a r t i c l e  s ize  
d i s t r i b u t i o n  (s ize  c o n s is t )  f o r  a p a r t i c u l a r  p i p e l i n e . I n the Black Mesa sys-  
t e m, the crushed coal  de l ive red  to the p repa ra t ion  p la n t  i s  reduced in  s ize  by 
cage i mpactors to 3/8" by 0. The 3 /8"  by 0 coal  i s  reduced to  the des i red 
p a r t i c l e  s ize by wet g r in d in g  in rod M i l l s .  Fo l low ing passage through the rod 
M i l l s ,  the s l u r r y  is  forMed by adding s u f f i c i e n t  water to  ob ta in  the des ired 
s o l id s  con ten t .  A s l u r r y  Mix ture o f  about f i f t y  percent water and coa l ,  by 
weight,  is  o r d i n a r i l y  used. The s l u r r y  i s  s to red  in  fou r  Mixed tanks u n t i l  
charged to  the p i p e l i n e .
The p a r t i c l e  s ize d i s t r i b u t i o n  of  the coal  s o l i d s  in  the s l u r r y  w i l l  vary 
soMewhat depending on p i p e l i n e  s p e c i f i c  c o n s id e ra t io n s ,  but the general  s ize  
c h a r a c t e r i s t i c s  are i l l u s t r a t e d  by the coal g rada t ion used in  the Consol idated 
Coal CoMpany p i p e l i n e .  These data are shown in Table 1.
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TABLE 1
P a r t i c l e  Size D i s t r i b u t i o n  
Of Coal



















The s l u r r y  p repa ra t ion  p la n t  f o r  the Consol idated Cool Company p i p e l i n e  was 
unique in  t h a t  the p repa ra t ion  p lan t  was designed f o r  ope ra t ion  w i th  two or 
th ree  s h i f t s  per day, whereas the p i p e l i n e  was designed f o r  cont inuous opera­
t i o n .  E s s e n t i a l l y ,  the s l u r r y  p repa ra t ion  p lan t  cons is ted  o f  screen ing,  
c rush ing ,  storage,  mix in g  and s l u r r y  storage f a c i l i t i e s .  Clean 3 /8 "  by 0 coal 
was i n i t i a l l y  screened w i th  the screen undersize s tored in  drag tanks.  The 
screen overs ize  was e i t h e r  crushed or s tored in a pond. I f  crushed, the 
screen overs ize  was e i t h e r  sent to drag tanks or s tored in a second storage 
pond depending on the q u a n t i t y  o f  coal  needed f o r  the p ip e l i n e  at  t h a t  p a r t i c ­
u la r  t i n e .  The very f i n e  coal  t h a t  was c a r r i e d  over w i th  the over f low f r o m 
the drag tanks was s tored in a t h i r d  pond. Storage in th ree  ponds ra the r  than 
in a s in g le  pond was used to  avoid segregat ion by s ize f r a c t i o n s .  By p reven t ­
ing segregat ion by s iz e ,  the f r a c t i o n s  could be recombined in  the  p ropo r t ion s  
requ i red  (1 ) .
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S lu r ry  Movement
movement of  the coal  f r o m the s l u r r y  p repa ra t ion  p lan t  to the r e c e iv in g  
s i t e  i s  accomplished by t ransmiss ion  through a p ip e l i n e .  Pumps are used to  
provide the d r i v i n g  fo rce  necessary f o r  movement o f  the s l u r r y .  In the Black 
Mesa system, fou r  pumping s ta t i o n s  ( i n c lu d in g  the pump s t a t i o n  located at  the 
s l u r r y  p repa ra t ion  p la n t )  are used. The pumps are p o s i t i v e  displacement pumps 
opera t ing  a t  pressures up to 1,600 pounds per square inch .  N i t rogen snubbing 
of  the discharge from the pumps i s  used to smooth the pressure v a r i a t i o n s  
c h a r a c t e r i s t i c  o f  p o s i t i v e  displacement pumps. The v e l o c i t y  of  f low i s  o r d i ­
n a r i l y  w i th in  the range of  4 to 6 fee t  per second.
The minimum v e l o c i t y  i s  es tab l ished  by t h a t  needed to  keep the coal  in  sus­
pension. The maximum v e l o c i t y  is  es tab l ished  by the need to keep energy r e ­
quirements and erosion to a reasonable minimum. Thus, the minimum v e l o c i t y  
requ i red  can be reduced by using a f i n e r  s ize c o n s is t .  The r e s u l t i n g  lower 
v e l o c i t y  would reduce the headloss accumulated in  the p i p e l i n e  and would r e ­
duce o pe ra t iona l  costs in the form of energy requirements f o r  pumping. How­
ever,  the dewater ing costs would be g rea te r  because of  the f i n e r  s ize  c o n s i s t .  
Conversely,  the dewater ing costs can be reduced by using a coarser  s ize  con­
s i s t .  However, the minimum v e lo c i t y  necessary to keep the coal in  suspension 
would be g rea te r  r e s u l t i n g  in  higher pumping costs .  Thus, the s ize cons is t  
selec ted f o r  a p a r t i c u l a r  p ip e l i n e  b a s i c a l l y  i s  a balance o f  the pumping and 
dewater ing cos ts .
S lu r ry  Dewatering
Dewatering of  the l i q u i d - s o l i d s  mix ture  may be accomplished by one or more 
of  several  t reatment processes. Th icken ing,  vacuum f i l t r a t i o n  and f l a s h  d ry ­
ing were used in the Consol idated Coal Company p i p e l i n e  ( 1 ) .  The general  de­
w a te r ing  scheme was t h i c k e n i n g  to  about  60 p e rcen t  s o l i d s ,  by w e ig h t ,  vacuum 
f i l t r a t i o n  to  about  20 p e rcen t  mo i s t u r e ,  and f l a s h  d r y i n g  to  the e x te n t  d e ­
s i r e d .  The d r ie d  coa l  was s to red  u n t i l  needed. P a r t i c u l a t e s  f r o m the  d r i e r  
were c o l l e c t e d  and e i t h e r  sent  to  the b o i l e r  or f l o c c u l a t e d  and r e tu r n e d  to  
the vacuum f i l t e r .  The f i l t r a t e  f r o m the  vacuum f i l t e r  was f l o c c u l a t e d  and 
s e t t l e d  b e fo re  d ischarge  ( 1 ) .
The Black Mesa s y s t e m uses c e n t r i f u g a t i o n  as the p r i mary  dewate r in g  p r o c ­
ess. On a r r i v a l  a t  the  Mohave S t a t i o n ,  the  s l u r r y  i s  s to red  in  e i t h e r  tanks  
or bas ins  depending on need. F rom the s to rage  tan ks ,  the  s l u r r y  i s  Moved to  a 
b a t t e r y  o f  c e n t r i f u g e s .  Dewatered coal  f roM the c e n t r i f u g e s  i s  p u l v e r i z e d  and 
f i r e d  in  the fu rn a c e s .  The c e n t r a te  f r o n  the c e n t r i f u g e s  i s  sent  t o  c l a r i -  
f l o c c u l a t o r s  f o r  c l a r i f i c a t i o n .  A p o l y mer i s  used as a f l o c c u l a t i o n  a id  f o r  
enhancement o f  the  f l o c c u l a t i o n / c l a r i f i c a t i o n  o p e r a t i o n .  The o v e r f l o w  f r o n  
the c l a r i f l o c c u l a t o r s  i s  d ischarged  to  h o ld in g  tanks f o r  e i t h e r  subsequent  
reuse in  the  c o o l i n g  s y s t e m o f  the  power p l a n t  or e v a p o r a t i o n .  S l u r r y  waste-  
water  used f o r  Make-up water  in  the power p l a n t  c i r c u l a t i n g  wa ter  s y s t e m is  
so f te n e d .  The unde r f low  f r o m the c l a r i f l o c c u l a t o r s  i s  e i t h e r  r e tu r n e d  to  the
Chapter IV
EXPERIMENTAL PROCEDURES AND APPARATUS
experimental apparatus
Twenty-four batch reac to rs  were designed and const ruc ted f o r  ope ra t ion  in
two twelve-gang s t i r r i n g  u n i t s .  De ta i led  in fo rm a t ion  f o r  the reac to rs  is
shown on Figures 1 and Figure 2.
The u n i t s  were designed to  a l low purging o f  the gases above the s l u r r y  w i th  
n i t rogen  f o r  the anaerobic i n v e s t i g a t i o n s .  E ig h t - i n c h  diameter p o l y v in y l  
c h lo r id e  pipe was used as the c y l i n d e rs  f o r  the reac to rs  w i th  t e n - in c h  square 
p le x ig la s  p la tes  used as the bottom and top o f  each re a c to r .  Seal ing o f  the 
top and bottom p la tes  to the pipe was accompl ished w i th  the use o f  o - r i n g s .
Grooves were cut in  the p l e x ig la s  p la tes  to f a c i l i t a t e  sea l ing  w i th  the o-
r in g s .  An o - r i n g  was also used to  seal  the opening in  the top p l a te  through 
which the s ta in le s s  s tee l  mixing sha f t  pro t ruded.
The mixer sha f ts  f o r  the reac to rs  in each twelve-gang u n i t  were d r iven  by a 
common motor.  V -be l ts  and pu l le ys  were used to  d r i v e  the i n d i v i d u a l  mixers.
experimental procedures
Coal Sources
Coal samples were obtained from the South Bel  A i r  mine o f  Amax Coal south 
of  G i l l e t t e ,  Wyoming, the Wyodak mine east of  G i l l e t t e  and the Cordero Mining 
Company at  G i l l e t t e .  The sub-bi tuminous coal  from these mines i s  low in  s u l ­
f u r .  For the i n i t i a l  exper imenta l  work, about 2000 pounds o f  coal  was ob-
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F i gu re  1: D e t a i l  Of Ae r ob i c / An a e r o b i c  Reactors  
( A f t e r  S o n g s i r i d e j  ( 3 ) )
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Figure 2: Sec t iona l  View Of Aerob ic /Anaerobic  Reactor 
(A f te r  S o ngs i r ide j  (3) )
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ta m e d  f r o m the South Bel A i r  And Wyodak mines .  A subsequent sample was 
c o l le c te d  by Amax personnel  f r o m the South Bel A i r  n ine and shipped to  the r e ­
search la b o ra to ry  at  the U n iv e r s i t y .
A l l  s i x t y - h o u r  data were c o l l e c t e d  using the o r i g i n a l  South Bel A i r  and 
Wyodak coal samp le s .  The ten and eleven day aerob ic and anaerobic data were 
developed using the Wyodak coal  and the second South Bel A i r  coal  samp les .  
The sequent ia l  ae rob ic -anaerob ic  and recyc led  wastewater data were developed 
using the second South Bel A i r  coal  samp le .  U n i t e d  data were a lso c o l le c te d  
using coal  samples obta ined f r o m near B u f f a lo ,  Wyoming .
The b i o l o g i c a l  t r e a t ment s tud ies  were conducted us ing s l u r r y  wastewaters 
prepared w i th  the South Bel A i r  coa l .  A l l  t r e a t ment i n v e s t i g a t i o n s ,  except 
b i o l o g i c a l  t r e a t men t ,  were conducted using coal  f r o m the Cordero Mining Com- 
pany.
Coal Prepara t ion
The coal samples were i n i t i a l l y  a i r - d r i e d  to reduce the sur face mo is tu re  
con ten t .  Fo l low ing a i r - d r y i n g ,  the coa l  was reduced in  s ize  w i th  a b u r r - g r i n ­
der .
S i x t y - Hour Aerobic I n v e s t ig a t io n s .  P repara t ion  of  the coal samples f o r  the 
s i x t y - h o u r  e x p e r imen ta l  work, w i th  respect  to  s ize  g rad a t io n ,  was accompl ished  
by g r in d in g  the coal u n t i l  a s ize  g rada t ion  a pp ro x ima t in g  th a t  des i red was ob­
ta in e d .  Size g rada t ion  o f  the coal was one o f  the fa c to r s  va r ied  in  the expe- 
r i men ta l  work.
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Extended Aerobic And Anaerobic I n v e s t ig a t io n s .  The procedure used f o r  the 
s ix t y - h o u r  exper imenta l  work was modi f ied f o r  the coal  samples used to  develop 
the ten and eleven day aerobic and anaerobic data.  For t h i s  exper imenta l  
work, the ground coal  was d iv ided  in to  s ize f r a c t i o n s  by s ie v in g .  A Ro-Tap 
sieve shaker was used to  f a c i l i t a t e  the sepa ra t ion .  The sieved coal  was then 
recombined in  the app rop r ia te  s ize  g rada t ion .  The p a r t i c l e  s ize  data are 
shown g r a p h ic a l l y  and l i s t e d  t a b u l a r l y  in subsequent f i g u r e s  and ta b le s .
S lu r r y  Recycle And Sequent ia l  Aerob ic-Anaerobic I n v e s t ig a t io n s .  The 
modi f ied procedure was also used f o r  the s l u r r y  recyc le  exper imenta l  work and 
the runs conducted w i th  tap water ,  both we l l  waters and the secondary-t rea ted  
municipal  water.  Size g rada t ion  data f o r  these runs are l i s t e d  in  a subse­
q u e n t  t a b l e .
Size Gradat ion Of Coal Samples
Aerobic Wyodak Coal And D i s t i l l e d  Wa te r  Studies = S ix ty  Hour. Figure 3 
shows the p a r t i c l e  s ize  d i s t r i b u t i o n  o f  the coal used in  develop ing the aero­
b ic  s ix t y - h o u r  data prepared w i th  Wyodak coal and d i s t i l l e d  water .  This d i s ­
t r i b u t i o n  was used f o r  both the lower and higher  mixing speeds. These data
are also inc luded in  Table 2 .
Aerobic South Bel A i r  Coal And D i s t i l l e d  Wa te r  Studies -  S ix ty  Hour. F ig ­
ure 4 shows the p a r t i c l e  s ize  d i s t r i b u t i o n  o f  the coal  used in  develop ing the 
aerobic s i x t y -h o u r  data prepared w i th  South Bel A i r  coal and d i s t i l l e d  water .  
These data are also included in Table 3 .
Aerobic Wyodak Coal And Munic ipa l  Wastewater Studies -  S ix ty  Hour. The 
p a r t i c l e  s ize d i s t r i b u t i o n  of  the coal used f o r  develop ing the s l u r r y  wastewa-
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Figure 3: P a r t i c l e  Size D i s t r i b u t i o n  Of Coal Used For Developing The 
S ix ty -Hour  Wyodak Coal And D i s t i l l e d  Wa te r  S lu r ry  Data.
TABLE 2
P a r t i c l e  Size D i s t r i b u t i o n  Of Coal 
Used For Developing




















Figure 4: P a r t ic le  Size D is t r ib u t io n  Of Coal Used For Developing The 
Six ty -H our South Bel A ir  Coal And D i s t i l l e d  Wa te r  S lu r ry
Data.
TABLE 3
P a r t ic le  Size D is t r ib u t io n  Of Coal 
Used For Developing




















t e r  q u a l i t y  data f o r  the Wyodak coal and the secondary t rea ted  mu n ic ip a l  
wastewater s l u r r i e s  is  shown on Figure 5 and l i s t e d  in Table 4.
Aerob ic  Sout h Bel A i r  Coal And Munic ipal  Wastewater Studies -  S ix ty  Hour. 
The p a r t i c l e  s ize d i s t r i b u t i o n  of  the coal used in  develop ing the aerobic s i x -
ty -hour  data f o r  the South Bel A i r  coal  and secondary-t rea ted  mu n i c ip a l  waste- 
water i s  shown on Figure 6. These data are l i s t e d  in  Table 5 .
Extended Aerobic And Anaerobic Stud ies .  The p a r t i c l e  s ize  d i s t r i b u t i o n  o f  
coal used in  developing the ten and eleven day aerobic and anaerobic data i s  
shown on Figure 7. The data are also inc luded in  Table 6.
Seque n t i a l  Aerobic-Anaerobic And S lu r r y  Recycle S tud ies .  Figure  8 shows 
the p a r t i c l e  s ize d i s t r i b u t i o n  data f o r  the coal used f o r  develop ing the se­
qu e n t ia l  aerob ic -anaerob ic  and the s l u r r y  wastewater recyc le  s l u r r y  da ta .  Ta­
ble 7 provides a ta b u la r  l i s t  o f  these data.
B io lo g ic a l  Treatment Stud ies .  Table 8 shows the p a r t i c l e  s ize  d i s t r i b u t i o n  
data f o r  the coal  used in  the b i o l o g i c a l  t r e a t ment s tud ie s .  The coal  was ob­
ta ined f r o m the South Bel A i r  n ine.
Stud ies .  The coal  used in  a l l  t r e a t ment s tu d ie s ,  ex­
c lud ing  b i o lo g i c a l  t r e a t ment ,  was obtained f r o m the Cordero Mining Company. 
The p r a t i c l e  s ize d i s t r i b u t i o n  data f o r  the coal used in f o r m ing the s l u r r i e s
f o r  the s l u r r y  wastewater used f o r  these t r e a t ment s tud ies  i s  shown in  Table
9 .
Water Sources
In order to  d e te rmine the e f f e c t s  o f  the s l u r r y  media water q u a l i t y  on the 
c h a r a c t e r i s t i c s  o f  the s l u r r y  wastewater, several  water sources were used.
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Figure 5: P a r t i c l e  Size D i s t r i b u t i o n  Of Coal Used For Developing The
Six ty -Hour  Wyodak Coal And Secondary-Treated 
Munic ipa l  Wastewater  Data.
TABLE 4
P a r t i c l e  Size D i s t r i b u t i o n  Of Coal 
Used For Developing




















F igure  6: P a r t ic le  Size D is t r ib u t io n  Of Coal Used For Developing The 
S ix ty -H our South Bel A i r  Coal And Secondary-Treated 
M unic ipa l Wastewater Data.
TABLE 5
P a r t ic le  Size D is t r ib u t io n  Of Coal 
Used For Developing




















Figure 7: P a rtic le  Size D is tr ib u tio n  Of Coal Used For Developing The 
Ten And Eleven Day Aerobic And Anaerobic S lurry Data.
TABLE 6
P a rtic le  Size D is tr ib u tio n  Of Coal 
Used For Developing




















Figure 8: P a r t ic le  Size D is t r ib u t io n  Of Coal Used For Developing The 
Sequentia l Aerobic-Anaerobic And S lu r ry  Wastewater 
Recycle Data.
TABLE 7
P artic le  Size D is tr ib u tio n  Of Coal 
Used For Developing
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These included d i s t i l l e d  water ,  two d i f f e r e n t  wel l  waters,  tap water and sec ­
ondary - t rea ted  mu n i c ip a l  wastewater.
Tag Wa t e r .  The tap water was der ived from Beaver Lake, a la rge  sur face 
water impoundment located in Northwestern Arkansas. T rea tment  o f  the water 
f o r  pub l i c  consumption inc ludes coagu la t ion ,  f l o c c u l a t i o n  and sed imentat ion,  
and c h l o r i n a t i o n .  The mineral  water q u a l i t y  o f  the sur face impoundment i s  
good. Table 9 prov ides  data regard ing  the q u a l i t y  c h a r a c t e r i s t i c s  o f  the tap 
water.
TABLE 10
Q ua l i ty  C h a ra c te r i s t i c s
Of Tap Water Used In
The Se q u e n t i a l  Ae r ob i c - Anae r ob i c  I n v e s t i g a t i o n s
Parameter Concentra t ion
Aluminum
Biochemical  Oxygen Demand (B0D5) 
Calcium (as CaC03)
Chemical Oxygen Demand 
Dissolved So l ids  
Lead
Magnesium
N i t r a t e
pH
Potassium 
S i l i c a  (as S102)
S p e c i f i c  Conductance
Sodium
S u l fa te
Ti tanium
Tota l  A l k a l i n i t y  (as CaC03)


















A l l  data except pH and s p e c i f i c  conductance are expressed 
in  m i l l ig ram s  per l i t e r .  S p e c i f i c  conductance values are 
in  micromhos per cen t im e te r .
Characteris tics Of Wastewater 
Used For Developing
Sixty-Hour Wyodak Coal And Municipal Wastewater S lurry Data
( 30 Percent Solids)
A l l  data except pH and spec if ic  conductance are expressed 
in mi l l i g r a ms per l i t e r .  Specific conductance values are 
in mic ro mhos per ce n t imete r.
The tap water serves as the ca r r ia g e  water f o r  the M u n ic ip a l  wastewater 
used in several  o f  the in v e s t i g a t i o n s .  The wastewater was obta ined f r o m the 
F a y e t t e v i l l e ,  Arkansas, water p o l l u t i o n  c o n t ro l  p l a n t .
Sixty - Hour Wyodak Coal Studies - Th ir ty  Percent Sol id s .  Table 11 l i s t s  the 
cha rac te r is t ics  of the wastewater used in the 40 percent so lids s lu r r ie s  pre-­
pared with Wyodak coal and secondary-treated mun ic ipa l wastewater. This 
wastewater was used in the s ix ty-hour experimental work.
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TABLE 11
Par ame te r
Biochemic a l Oxygen Demand (B0D5) 
Calcium (as CaC03)












T ita n iu m
Total A lk a l in i ty  (as CaC03)




















Sixty-Hour Wyodak Coal Studies - Forty  Percent Solids. The cha rac te ris tics  
of the secondary-treated mun ic ipa l wastewater used in  the 40 percent so lids  
s lu rr ie s  prepared with  Wyodak coal and wastewater are lis te d  in  Table 12.
TABLE 12
C haracteris tics  Of Wastewater 
Used For Developing
Sixty-Hour Wyodak Coal And Municipal Wastewater Data 
(40 Percent Solids)
A ll data except pH and spec ific  conductance are expressed 
in  mi l l i g r a ms per l i t e r .  Specific  conductance values are 
in  mic ro mhos per centiMeter.
S ixty-Hour Wyodak Coal S tudies - Fi f ty  Percent Solid s .  The cha rac te ris tics  
of the wastewater used in  the 50 percent so lids Wyodak coal and secondary- 
treated Municipal wastewater s lu rr ie s  are lis te d  in  Table 12.
Parameter
Biochemical Oxygen Demand (BOD5) 
Calcium (a t CaC03)













Total A lk a lin ity  (as CaC03)





















C haracte ris tics  Of Wastewater 
Used For Developing
Sixty-Hour Wyodak Coal And Municipal Wastewater Data 
(SO Percent Solids)
A ll data except pH and spe c ific  conductance are expressed 
in  mi l l i g r a ms per l i t e r .  Specific  conductance values are 
in  mic ro mhos per c e n time te r.
Sixty-Hour South Bel A ir Coal Studies - T h irty  Percent  Solids. The charac­
te r is t ic s  of the secondary-treated mun ic ipa l wastewater used in the 30 percent
so lids  s lu rr ie s  prepared w ith South Bel A ir coal and wastewater are shown in  
Table 14.
S ixt y - Hour South Bel A ir Coal  S tudies - Forty Percent Solids. The second­
ary-trea ted  Municipal wastewater ch a ra c te ris tics  are included in  Table 14 fo r  
the wastewater used to  fo rm the fo r ty  percent so lids  s lu rr ie s  prepared w ith  
South Bel A ir coal.
Parameter
Biochemic a l Oxygen Demand (B0D5) 
CalciuM (as CaC03)












T ita n iu m
Total A lk a lin ity  (as CaC03)
Total Hardness (as CaC03)




















C haracte ris tics  Of Wastewater 
Used For Developing
Sixty-Hour South Bel A ir Coal And Municipal Wastewater Data
(30 Percent Solids)
Parameter Concentration
Biochemical Oxygen Demand (BOD5) 15
Calcium (as CaC03) 116





N itra te  4.4
pH 7.8
Potassium 14.0
S ilic a  (as Si02) 16.5




Total A lk a lin ity  (as CaC03) 218
Total Hardness (as CaC03) 192
A ll data except pH and spec ific  conductance are expressed 
in  m illigram s per l i t e r .  Specific conductance values are 
in micromhos per centimeter.
S ix ty - Hour South Bel A ir Coal Studies - F i f t y Percent S olids. The second- 
a ry-trea ted  municipal wastewater cha rac te ris tics  are included in  Table 15 fo r 
the wastewater used to form the f i f t y  percent so lids  s lu rr ie s  prepared w ith 
South Bel A ir coal.
Sequential Aerobic-Anaerobic Studies. The re su lts  of the characte riza tion  
studies on the secondary-treated municipal wastewater used in  the sequential 
aerobic-anaerobic studies are shown on Table 16.
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TABLE 15
C haracte ris tics  Of Wastewater 
Used For Developing
Sixty-Hour South Bel A ir Coal And Municipal Wastewater Data
(40 Percent Solids)
Parameter Concentration
Biochemical Oxygen Demand (BOOS) 12
Calcium (as CaC03) 140





N itra te 4.6
pH 7.9
Potassium 7.4
S ilic a  (as Si02) 12.3




Total A lk a lin ity  (as CaC03) 163
Total Hardness (as CaC03) 220
A ll data except pH and spe c ific  conductance are expressed 
in  m illigram s per l i t e r .  Specific  conductance values are 
in  mic ro mhos per centim eter.
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TABLE 16
C haracte ris tics  Of Wastewater 
Used For Developing
Sixty-Hour South Bel A ir Coal And Municipal Wastewater Data
(50 Percent Solids)
Parameter Concentration
Biochemical Oxygen Demand (BOD5) 13
Calcium (as CaC03) 148





N itra te 4.8
pH 8.0
Potassium 11.1
S ilic a  (as S i02) 17.4




Total A lk a lin ity  (as CaC03) 207
Total Hardness (as CaC03) 204
A ll data except pH and s p e c ific  conductance are expressed 
in  m illigram s per l i t e r .  Specific  conductance values are 
in  micromhos per centim eter.
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TABLE 17
C haracte ris tics  Of Wastewater 
Used For Developing
Sequential Aerobic-Anaerobic S lu rry  Wastewater Data
Parameter Concentration
Aluminum 1.80
Biochemical Oxygen Demand (BOD5) 1
Calcium (as CaC03) 82




N itra te 8.9
pH 7.3
Potassium 10.0
S ilic a  (as Si02) 4.5




Total A lk a lin ity  (as CaC03) 148
Total Hardness (as CaC03) 103
A ll data except pH and spe c ific  conductance are expressed 
in  m illigram s per l i t e r .  S pecific  conductance values are 
in micromhos per centim eter.
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S lurry Wastewater Recycle Data. The ch a rac te ris tics  of the secondary- 
treated mun ic ipa l wastewater used in developing the s lu rry  recycle data are 
shown on Table 18 fo r the s lu rr ie s  developed w ith South Bel A ir coal a t 50 
percent so lids .
TABLE 18
C haracte ris tics  Of Wastewater 
Used For Developing 
S lurry Wastewater Recycle Data.
Parameter Concentration
Aluminum 2.20
Biochemical Oxygen Demand (BODS) 8
Calcium (as CaC03) 130




N itra te 6.2
pH 8.0
Potassium 9.0





Total A lk a lin ity  (as CaC03) 875
Total Hardness (as CaC03) 215
A ll data except pH and spec ific  conductance are expressed 
in  m illigram s per l i t e r .  Specific  conductance values are 
in micronmhos per centim eter.
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Characterization Studies.
Slu rry  Wastewater Preparation The characte riza tion  studies consisted of a se- 
r i es of runs conducted with s lu rr ie s  prepared with the several coals, waters, 
p a rt ic le  size d is tr ib u tio n s , so lids  concentrations, and environments. Each 
run was in it ia te d  by forming the s lu rry  w ith the appropriate coa l, water, par­
t ic le  size d is tr ib u tio n  and so lids  concentration desired fo r  th a t p a rt ic u la r  
run. Solids concentrations used included t h i r t y ,  fo r ty ,  f i f t y  and s ix ty  per­
cent. The so lids concentrations were determined by the fo llow ing  equations
Sol ids  Concentrat ion (%) = (Wc / ( Wc + Ww ) ) ( 100)
where: Wc=weight o f  c oa l ,  in  g rams 
Ww=weight o f  wa te r ,  in  grans
Sixty-Hour Aerobic Studies. A ll s ix ty -hou r aerobic stud ies were con- 
ducted with detention tines  of 1, 5 , 10, 15, 20, 25, 30, 35, 40, 45, 50 and 60 
hours. Twelve s lu rry  samples were prepared using the coal and water desig­
nated fo r each run. The coal and water used fo r  each run were mixed th o r­
oughly p r io r to formation of the s lu rry  to obtain uniform samples.
The Wyodak coal and d is t i l le d  water runs were conducted w ith 40, 50 and 60 
percent so lids  fo r  the lower mix ing  speed, and 40 and 50 percent so lids  fo r  
the higher mix ing  speed. A ll other s ix ty -hour runs were conducted w ith  30, 40 
and 50 percent s lu r r ie s . At the end o f each detention t in e  one s lu rry  was 
withdrawn f ro m the mix in g  apparatus, dewatered and the f i l t r a t e  (s lu r ry  waste- 
water) characterized.
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Extended Aerobic And Anaerobic Studies. The ten and eleven day aerobic 
and anaerobic studies were conducted using 40 percent so lids s lu r r ie s  prepared
with Wyodak and South Bel A ir coals. Both d is t i l le d  water and 
secondary-treated munic ipa l wastewater were used with the South Bel A ir  coal. 
Only d is t i l le d  water was used to fo rm the s lu r r ie s  from the Wyodak coal. De­
tention t i mes of 1, 24, 48, 72, 96, 120, 144, 168, 192, 216, 240 and 264 hours 
were used fo r  the d is t i l l e d  water studies. Detention t i mes of 1, 24, 48, 72, 
96, 120, 144, 168, 192, 216 and 240 hours were used fo r the s lu r r ie s  formed 
with the Municipal wastewater. Two samples were prepared fo r each detention 
t i me. One was mixed with an aerobic environment and the second in  an anaero­
bic environment. At the end of each detention t in e ,  two samples were w ith ­
drawn, dewatered and the f i l t r a t e d  characterized.
Sequent i a l  Aerobic-Anaerobic Studies. The sequential aerobic-anaerobic 
studies were conducted using 50 percent so lids s lu r r ie s  prepared with South 
Bel A ir coal and water from four sources. Detention tines used were 30, 54, 
78, 102, 126 and 174 hours. The s lu r r ie s  were nixed fo r 30 hours in  an aero­
bic environment. At the end of the t h i r t y  hour period, one sample was w ith ­
drawn, dewatered and the f i l t r a t e  (s lu r ry  wastewater) characterized. The f ive  
remaining s lu r r ie s  were nixed fo r  the appropriate lengths of t in e  in an anae­
robic environment. One sample was withdrawn at each detention t i me, dewatered 
and the s lu rry  wastewater characterized.
Slurry Recycle Studies. The s lu rry  recycle studies were conducted in 
two steps. In the f i r s t  step, the coal was mixed with secondary-treated mu- 
n ic ip a l wastewater fo r  the specified nix ing period, the s lu rry  withdrawn and 
dewatered. In the second step, the f i l t r a t e  (s lu r ry  wastewater) f r o m the 
f i r s t  step was recombined with a fresh coal sample. The recombined s lu rr ie s  
were mixed with the sane environments and detention tines as in  the f i r s t
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step. At the end of each detention period , one sample was withdrawn f r o m the 
mix in g  apparatus and dewatered. The re su ltin g  s lu rry  wastewater was charac­
te rized .
Treatment Studies. The s lu rr ie s  used fo r preparing s lu rry  wastewaters fo r 
a l l  treatment stud ies, except b io lo g ic a l treatm ent, were prepared w ith Cordero 
coal and d is t i l le d  water. F if ty  percent so lids  s lu rr ie s  were used. Mixing 
tines  of 24 and 48 hours were used. Upon completion of the spec ified  deten-
tio n  t in e , the s lu rry  was withdrawn from the n ix ing  apparatus and dewatered.
The s lu rr ie s  used fo r the b io lo g ica l treatment studies were formed w ith 
South Bel A ir coal and d is t i l le d  water at 40 percent so lid s . Mixing t i mes of 
24 and 48 hours were used fo r preparing the s lu rry  wastewaters.
B io logica l Treatm ent Studies
Acclim ation of the microorganisms was found to be necessary fo r  successful 
b io lo g ica l treatm ent. Two approaches were used fo r  acclim ating the organisms. 
One approach was to acclimate the organisms on sodium benzoate fo r  three 
weeks. The second was to vary the percentage of s lu rry  wastewater fed to  the 
activated sludge un its  from 0 to 100 percent over a ten-day period.
Two batch-fed, f i l l  and draw aeration un its  were operated at food-to -m i- 
croorganism (F :M) ra tio s  of 0.2 and 0.6 . Calcium ch lo rid e , fe r r ic  ch lo ride , 
magnesium su lfa te  and phosphate were added in  accordance w ith the procedures 
ou tlined in  Part 507 of Standard Methods For The Examination Of Water And 
Wastewater (4 ) fo r d ilu t io n  water. A ir was supplied at a ra te  of two l i t e r s  
per minute to each u n it through porous stone d iffu s e rs .
The fo llow ing  procedure was used fo r operating the labora tory activa ted 
sludge u n its :
58
1. At the end o f each t we n ty -fo u r hour pe riod , a sample 
was withdrawn f r o m each u n it .  The samp le  was f i l t e r e d  
through a 0.45 mic ron  glass f ib e r  f i l t e r  fo r  mixed 
liq u o r  suspended s o lid s  de te rmin a tio n s . The f i l t r a t e  
was used fo r  chemical oxygen demand determ inations.
2. The a ir  supply was turned o f f  and the a c tiva ted  sludge 
allowed to  s e t t le  fo r  one hour.
3. A fte r  s e t t l in g ,  a supernatant samp le  was withdrawn 
fron  each u n it .  The pH of the samp le  was measured 
and the sample  f i l t e r e d  through a 0.45 micron glass 
f ib e r  f i l t e r .  Five-day biochemical oxygen demand 
d e te rmin a tio n s  were set up on the f i l t r a t e .
4. The appropria te  q u a n tity  o f l iq u id  was withdrawn 
fro n  each u n it  and an equ iva len t amount o f s lu r ry  
wastewater added to  each u n it .  The q u a n tity  o f 
s lu r ry  wastewater to  be added was ca lcu la te d  on the 
basis o f the vo lume o f the labo ra to ry  ac tiva ted  
sludge u n it ,  the five -d a y  biochemic a l oxygen 
demand o f the s lu r ry  wastewater and the nixed 
l iq u o r  suspended s o lid s . The volume o f wastewater 
to  be added was determined by the fo llo w in g  form ula:
Volune o f Wastewater <Q> » ( (V)(MLSS))/B0D5)
where: V = l iq u id  vo lume o f u n it 
B0D5 = five -d a y  biochem ical
oxygen demand o f s lu r ry  
wastewater
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MLSS = mixed liq u o r suspended 
so lids concentration of 
activa ted sludge
5. The fo o d -to -microorgan ism ra tio s  were used as the 
c o n tro llin g  operating parameters and were kept 
constant at 0.2 and 0.6 .
Activated Carbon Treatment Studies
Both powdered and carbon column tests  were conducted. The powdered activated 
 carbon tests were conducted in  accordance w ith the procedures described 
in S im plified P rocedures For Water Examination (5 ) . Mix ing  t i mes of one hour
were used. The mix ing  speed was 30 revo lu tions per minu te . Dosages of 0, 
0.1, 0 .5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0 and 5.0 grams of Nuchal activated
carbon per l i t e r  of s lu rry  wastewater were applied. A fte r a s e tt lin g  period 
of twenty minutes, samples were obtained and f i l te r e d  through Whatman No. 42 
f i l t e r  paper. Parameter measurements were conducted on the f i l te r e d  samp le .
For the activated carbon column study, Nuchar 12 by 40 mesh granular 
activated carbon was used. Four 8 mi l l i meter d iameter columns 2.5 fee t long 
packed with the carbon were used in  series. The flow ra te  was 2 mi l l i l i t e r s  
per minute using g rav ity  flow .
Lime-Soda Ash Soften ing  Studies
The line-soda ash softening treatment analyses were conducted in  accordance 
with the procedure outlined in  S impl i f ie d  Procedures For Water Examination ( 
) . Dosages of l i me and soda ash were calculated as described by Hammer (6 ), 
on the basis of the in i t i a l  analysis of the s lu rry  wastewater to  be trea ted .
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Hydroxide P re c ip ita tio n
The procedures described in  S im p lified  Procedures For Water Examination 
were used fo r  the Jar tes ts  ( 5). Samples were mixed at 40 revo lu tions per 
minute fo r 30 minu tes. The ja r  contents were allowed to s e tt le  fo r 20 minutes 
and were f i l te r e d  through Whatman No. 42 f i l t e r  paper. Calcium hydroxide was 
used to adjust the pH of the so lu tio n .
Upon comp le tio n  of the desired n ix ing  period, the s lu rry  sample was removed 
f r o m the n ix ing  chamber and dewatered. Dewatering was accomplished by vacuum 
f i l t r a t io n  in  two steps. I n i t i a l l y ,  the s lu rry  was dewatered by passage 
through Whatman Number 42 f i l t e r  paper mounted in  a Buchner funne l. Buchner 
funnels w ith an inside diameter of 11 centimeters were used. The f i l t r a t e  
from the f i r s t  dewatering step was f i l te r e d  through a 0.45 micron glass f ib e r 
f i l t e r .  Following dewatering, the f i l t r a t e  ( termed s lu rry  wastewater in  the 
report) was analyzed fo r aluminum, soluble biochemical oxygen deMand, chro- 
m ium, copper, dissolved so lid s , iro n , lead, magnesium, manganese, mercury, n i ­
t ra te , pH, phosphate, potassiuM, s i l ic a  sp e c ific  conductance, sodiuM, s u lfa te , 
tita n iu m , to ta l a lk a l in i ty ,  to ta l hardness and z inc. L im i t e d  analyses were
also conducted fo r  boron and several other parameters. The a n a ly tic a l proce-
dures used are id e n tif ie d  in the fo llow ing  paragraphs.
A n a l y t i c a l  P r o c e d u r e s
A lu m in u m . The aluminum concentrations were measured using a Perkin-Elmer 
Model 305B atonic absorption spectrophotometer using a Cathodeon hollow ca­
thode lamp. Standard so lu tions w ith aluminum concentrations of 0 .5 , 1.0, 1.5 
and 2.0 m illigram s per l i t e r  were used to develop the standard curves. The 
procedures described in A na ly tica l Methods For Atonic Absorption Spectrophoto­
metry were used (7).
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Soluble Biochemical Oxygen Demand. Biochemical oxygen demand concentra­
tions were determined in accordance with the procedures described in Part 507 
of Standard Met hods For The Examination Of Water And Wastewater (4).
Calc iu m. Calcium concentra were measured using the procedures de­
scribed in Part 306C of Standard Methods For The Examination Of Water And 
Wastewater (4). Twenty-five mi l l i l i t e r  samples were used in these measure- 
ments.
Soluble Chemical Oxygen Demand. CheMical oxygen deman determinations were 
conducted in accordance with the procedures described in Part 509 of Standard 
Methods For The Examination Of Water And Wastewater (4). The sample size used 
was 20 m i l l i l i t e r s .
Carbon Dioxide. Free carbon dioxide concentrations were determined in ac­
cordance with the procedures described in Part 407B of Standard Methods For 
The Examination Of Water And Wastewater (4).
Dissolved So lids . Dissolved solids concentrations were Measured in 
accordance with the procedures outlined in Part 208A of Standard Methods For 
The Examination Of Water And Wastewater ( 4 ) .  The sample size used was 100
M i l l i l i t e r s .
Lead. The lead data were developed using a Perkin-E lmer Model 305B atonic 
absorption spectrophotometer using a Cathodeon hollow cathode lamp. Standard 
solutions of 0 .1 ,0 .2 ,0 .3  and 0.4 milligrams per l i t e r  were used to develop the 
standard curves. The procedures described in  Ana ly tica l Methods For Atomic 
Absorption Spectrophotometry were used (7 ) .
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Magnesium. The magnesium data were determined using a Perkin-E lmer Model 
30SB atonic absorption spectrophotometer using a Cathodeon hollow cathode 
lamp. The standard so lu t ions  used to  develop the standard curves were 0 .1 , 
0 .2 , 0.4 and 0.5 m ill ig ram s per l i t e r .  The procedures ou t l in e d  in  A n a ly t ica l 
Methods For Atomic Absorption Spectrophotometry were used (7). 
N i t ra te .  The n i t r a te  concentrations were measured by the cadmium reduction 
method. Hach N itrave r V N it ra te  Reagent was used. A Coleman H itach i 101 
spectrophotometer was used to  measure the l ig h t  transm ittance.
pH. A Sargent-Welch pH meter, Model LS, was used to  measure the pH values 
o f the s lu r ry  wastewater samples. The meter was standardized a t pH values o f 
4 and 7.
Phenols. Q u a l i ta t iv e  analyses fo r  phenols were conductedwith a Varian Ae­
rograph Model 1400 Gas Chromatograph equipped w ith  a hydrogen f la m e -io n iza t io n  
d e te c to r .  The chromatographic column used was 1/8 inch by 5 fe e t  s ta in le ss  
s tee l packed w ith  70/80 mesh Chromosorb W coated w ith  f iv e  percent, by weight,
Free Fatty Acid Phase. Phenol standards, obtained from the Polyscience 
Corporation, were used.
Potassium. Potassium concentrations were determined w ith  the Perkin-Elmer 
Model 305B atomic absorption spectrophotometer using a J a r re l l  Ash hollow ca­
thode lamp. The standard curves were developed using standard so lu t ions  of 
0 .5 , 0.75, 1.0, 1.5 and 2.0 m ill ig ram s per l i t e r .  The procedures described in 
A n a ly t ic a l  Methods fo r  Atomic Absorption Spectrophotometry were used (7). 
S i l i c a .  S i l i c a  was determined w ith  the procedures described in  Part 426C 
of Methods For The Examination Of Water And Wastewater (4 ) .  The re ­
s u lts  are reported in m ill ig ram s per l i t e r  as Si02.
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Specific Conductance. The spec if ic  conductance values were measured with a 
Solu-Bridge, platinum electrode, spec if ic  conductance c e l l  Model RD 328.
Sodium. The sodium concentrations were measured using the Perk in-E lmer 
Model 305B atonic absorption spectrophotome te r . A Cathodeon hollow cathode
lamp was used to r  the te s t .  Standard curves were developed using standard so­
lu t ions  of 0.2, 0.5, 0.8 and 1.0 mil l ig ra m s  per l i t e r .  The tes ts  were con­
ducted in accordance with the procedures outlined in  A na ly tica l Methods For 
Atomic Absorption Spectrophotometry (7).
S u lfa te . The tu rb id im e tr ic  Method described in Part 427C of Standard Me­
thods For The Examination Of Water And Wastewater was used to determine the 
su lfa te  concentrations in the s lu rry  wastewater samples. Turb id ity  was Meas­
ured with a Colemen Hitachi 101 spectrophotometer.
Suspended Solids. The suspended so lids determinations were conducted in 
accordance with the procedures described in Part 208C of Standard Methods For 
Of Water And Wastewater ( 4 ).
Titanium. The titan ium  concentrations were Measured using the Perkin-E lmer 
Model 305B atonic absorption spectrophotometer using a Cathodeon hollow ca­
thode lamp. The standard curves were developed using standard solu tions of 
0.5, 0.75, 1.0 and 1.25 mi l l i g r a ms per l i t e r .  The te s t  procedures described
in Ana ly tica l Methods For Atomic Absorption Spectrophotometry (7 ) were used.
Total A lk a l in i t y .  Total a lk a l in i t y  concentrations were determined in ac­
cordance with the procedures described in  Part 403 of Standard Methods For The 
Examination Of Water And Wastewater (4). Two hundred M i l l i l i t e r s  of sample 
were t i t r a te d  with 0.02 N s u l fu r ic  acid to the br green-methyl red end 
po in ts .
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Total  Hardness. Total hardness concentrat ions were measured using the p ro - 
cedures l i s t e d  in Part 309B of Standard Methods For The Examination Of Water 
And Wastewater(4 ) .  Twenty-f ive mi l l i l i t e r  samples were used in the te s ts .
Chapter V
RESULTS AND DISCUSSION
The research p r o je c t  was designed to  accompl ish th ree  major o b j e c t i v e s .  
These were t o :  1) i d e n t i f y  and c h a ra c te r iz e  the water q u a l i t y  changes t h a t
w i l l  occur in  the coal  s l u r r y  p i p e l i n i n g  opera t ion  w i th  respect to  se lec ted  
parameters;  2) determine the f e a s i b i l i t y  o f  u t i l i z i n g  poor ( impa i red )  q u a l i t y  
water ,  such as munic ipa l  and i n d u s t r i a l  e f f l u e n t s ,  as the s l u r r y  medium, and; 
3) determine the t rea tment  measures a p p l i c a b le  f o r  r e s to r i n g  the s l u r r y  waste- 
water q u a l i t y  to  acceptab le  l e v e l s ,  i f  requ i re d .  The research program was d i ­
vided i n to  three phases cor responding w i th  the th ree  o b je c t i v e s .  The labo ra ­
t o r y  work f o r  the f i r s t  two o b je c t i v e s  (phases) was i d e n t i c a l  except f o r  the 
water sources. Consequent ly, some of  the data f o r  these two phases w i l l  be 
presented and discussed in  common sec t ion s .
PHASE I RESULTS
The o b je c t i v e  o f  t h i s  phase was to  i d e n t i f y  and cha ra c te r iz e  the water 
q u a l i t y  changes th a t  w i l l  occur in the coal  s l u r r y  p i p e l i n i n g  ope ra t ion  f o r  
se lec ted parameters. The concen t ra t ions  o f  several  parameters were substan- 
t i a l l y  a l te re d  by mixing w i th  the coa l .  These parameters included a l k a l i n i t y ,  
b iochemica l  oxygen demand, calcium and t o t a l  hardness, chemical oxygen demand, 
c h l o r i d e ,  magnesium, n i t r a t e ,  potassium, s i l i c a ,  sodium, s p e c i f i c  conductance, 
and s u l f a t e .
The concen t ra t ions  o f  several  parameters were below the de tec tab le  l i m i t s  
of  the t e s t  procedure used. These inc luded chromium, copper,  i r o n ,  manganese,
65
66
me rc u ry ,  phosphate and z in c .  The de tec tab le  l im i t s  o f  the te s t  procedures 
used are inc luded in  Table 18.
TABLE 18
Detectab le  L im i ts  Of Tests For Selected Parameters
In The
S lu r ry  Wastewater
Chromium 0.1 ng/ml Mercury 7.5 ng/ml
Copper 0.09 ng/ml Phosphate 0.01 ng/ml
I ron  0.12 ng/ml Zinc 0.018 ng/ml
Manganese 0.055 ng/ml
A l k a l i n i t y
A l k a l i n i t y  in  water may co n s is t  o f  the b ica rbona te , carbonate, and hydroxy l 
ions depending on pH. The prim ary s ig n i f ic a n c e  o f  a l k a l i n i t y  is  th a t  i t  
serves as a b u f fe r  which r e s is t s  changes in  pH, as do o the r  weak ac ids  and 
bases. When no b u f fe r in g  capac ity  i s  present in  water, the pH can f lu c tu a te  
r a d ic a l l y  when on ly  small q u a n i t i t ie s  o f  e i th e r  ac ids or bases are added. 
Conversely, a water w ith  a la rge  b u f fe r in g  capac ity  w i l l  r e f l e c t  on ly  small 
changes in  pH even when r e la t i v e l y  la rge  q u a n t i t ie s  o f  ac ids o r  bases are 
added. Water w ith  extremely la rge  concen tra t ions  o f a l k a l i n i t y  i s  unaccepta-  
b le ,  but t h is  s i t u a t io n  was not encountered in  the experimenta l work.
Aerob ic . The endpoint o f  the t i t r a t i o n  fo r  pheno lph tha le in  a l k a l i n i t y  is  
8 .3 .  Since the pH o f  a l l  s lu r r y  wastewater samples was below 8 .3 ,  no phenol-  
p h th a le in  a l k a l i n i t y  was p resen t. F igure 10 shows the t o t a l  a l k a l i n i t y  con-  
c e n tra t io n s  as a fu n c t io n  o f de ten t io n  time fo r  40, 50 and 60 percent s o l id s
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s lu r r i e s .  These data were developed using Wyodak coal and d i s t i l l e d  w a te r. 
The average t o t a l  a l k a l i n i t y  c once n tra t io ns  fo r  the 40, 50 and 60 percen t s o l - 
ids s lu r r i e s  were 43, 56 and 101 m i l l ig ra m s  per l i t e r ,  r e s p e c t iv e ly .  As shown 
by the f ig u r e ,  the a l k a l i n i t y  c once n tra t io ns  i n i t i a l l y  increased fo r  about 20 
to  30 hours, depending on s o l id s  c o n c e n tra t io n ,  then decreased f o r  the  remain-
der o f the in v e s t ig a t io n .  The f i n a l  conce n tra t io ns  were less  than the one- 




















F i g u r e  10:  Comparison Of T o ta l A l k a l i n i t y  Concen tra tions In S lu r ry  
Wastewaters Prepared With Wyodak Coal And D i s t i l l e d  
Water At 40, 50 and 60 Percent S o l id s  In  
An Aerobic Environment.
F igure 11 prov ides  comparisons o f t o t a l  a l k a l i n i t y  c o n ce n tra t io n s  in  s lu r r y  
wastewaters prepared w ith  South Bel A i r  coal and d i s t i l l e d  water f o r  30, 40 
and 50 percent s o l id s  s l u r r i e s .  The general tendency f o r  the 30 and 40 p e r - 
cent s o l id s  s lu r r i e s  was f o r  decreasing t o t a l  a l k a l i n i t y  c once n tra t io ns  
throughout the in v e s t ig a t io n .  The curve f o r  the 50 percent s o l id s  s lu r r ie s  
was s im i la r  to  those f o r  the Wyodak coal in  t h a t  t o t a l  a l k a l i n i t y  increased 
fo l low e d  by a decreasing t re n d .  The net change throughout the in v e s t ig a t io n  






















F igure  11: Comparison Of Tota l  A l k a l i n i t y  Concentrat ions  In  S lu r ry  
Wastewaters Prepared With South Bel A i r  Coal And 
D i s t i l l e d  Water At 30, 40 and 50 Percent 
So l ids  In An Aerobic Environment.
A compar ison o f  t o t a l  a l k a l i n i t y  concen t ra t ions  in  s l u r r y  wastewaters p re - 
pared w i th  d i s t i l l e d  water i s  shown on Figure 12. Wyodak and South Bel A i r  
coa ls  at  50 percent s o l i d s  were used to  f o rm the s l u r r i e s .  As shown by the 




















F igure  12: Comparison Of Total  A l k a l i n i t y  Concentrat ions  In S lu r ry  
Wastewaters Prepared With D i s t i l l e d  Water ,  And 
Wyodak And South Bel A i r  Coals At 50 Percent 
So l ids  In An Aerobic Environment-
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A s im i l a r  comparison o f  t o t a l  a l k a l i n i t y  c once n t ra t io ns  in  s l u r r y  wastewa- 
t e r s  prepared w i th  the two coa ls and d i s t i l l e d  water a t  40 percent s o l i d s  i s  





















F igure  13: Comparison Of Tota l  A l k a l i n i t y  Concent ra t ions In S lu r r y  
Wastewaters Prepared With D i s t i l l e d  Water, And 
Wyodak And South Bel A i r  Coals At 40 Percent 
So l ids  In An Aerobic Environment.
The e f f e c t  o f  mix i n g  speed on t o t a l  a l k a l i n i t y  concen t ra t ions  i s  shown on 
Figure  14. Wyodak coal and d i s t i l l e d  water were used to  f o r m the s l u r r i e s .  
The s l u r r y  s o l i d s  concen t ra t ion  used was 40 percent.
A s im i l a r  comparison o f  t o t a l  a l k a l i n i t y  in  s l u r r y  wastewaters prepared 
w i th  Wyodak coal and d i s t i l l e d  water i s  shown on Figure  15. F i f t y  percent 
s o l i d s  s l u r r i e s  were used to  develop these data.
Figure 16 prov ides a compar ison o f  t o t a l  a l k a l i n i t y  c once n t ra t io ns  in  
s l u r r y  wastewaters prepared w i th  South Bel Air  and Wyodak coa ls .  Fo r ty  per -  
cent s o l i d s  s l u r r i e s  were used to  develop these data .  D i s t i l l e d  water was 






















T i me ,  h o u r s
Figure 14: Comparison Of Tota l  A l k a l i n i t y  Concentrat ions  In S lu r r y  
Wastewaters Prepared With Wyodak Coal And D i s t i l l e d  
Water At 40 Percent So l ids  With Two Mixing 
Speeds In An Aerobic Environment.
T i me ,  h o u r s
Figure 15: Comparison Of To ta l  A l k a l i n i t y  Concentrat ions  In  S lu r r y  
Wastewaters Prepared With Wyodak. Coal And D i s t i l l e d  
Water At 50 Percent So l ids  With Two Mixing 
Speeds In An Aerobic Environment.
Aerob ic -Anaerob ic .  A comparison o f  t o t a l  a l k a l i n i t y  conce n t ra t io ns  in 
s l u r r y  wastewaters prepared w i th  Wyodak coal  and d i s t i l l e d  water a t  40 percent  
s o l i d s  in  aerob ic  and anaerobic environments i s  shown on Figure  17. As shown 












































T i me ,  days
F igure  16: Comparison Of To ta l A l k a l i n i t y  C oncen tra tions  In  S lu r r y  
Wastewaters Prepared With D i s t i l l e d  Water And Wyodak 
And South Bel A i r  Coals At 40 Percent S o l id s  In  
An Aerobic Environment For An Eleven Day 
I n v e s t ig a t io n .
o f  time and fo r  lower a l k a l i n i t i e s  in  aerob ic  environments than in  anaerobic  
environments.
F igure  18 p rov ides  a comparison o f  the  t o t a l  a l k a l i n i t y  co n ce n tra t io n s  in  
s lu r r y  wastewaters prepared in  aerob ic  and anaerobic environm ents. South Bel 
A ir  coal and d i s t i l l e d  water were used to  form the s lu r r i e s .  F o r ty  percen t  
s o l id s  s lu r r ie s  were used to  develop these data .
Sequentia l Ae rob ic -Anaerob ic . Two w e ll  wa ters , su rface  water and secondar­
y - t re a te d  m un ic ipa l wastewater were used w ith  South Bel A i r  coal to  form s l u r ­
r ie s  to  determine the e f f e c t  o f  water q u a l i t y  on t o t a l  a l k a l i n i t y  concen tra ­
t io n s  in  the re s p e c t iv e  s lu r r y  wastewaters. The data are shown on F igu re  19. 
























Figure 17s Comparison Of To ta l  A l k a l i n i t y  Concent ra t ions I n S lu r r y  
Wastewaters Prepared With Wyodak Coal And D i s t i l l e d  
Water At 40 Percent So l ids  In Aerobic And 
Anaerobic Environments For An Eleven 






















T i m e ,  days
Figure  18: Comparison Of Tota l  A l k a l i n i t y  Concent ra t ions In  S lu r r y  
Wastewaters Prepared With South Bel A i r  Coal And 
D i s t i l l e d  Water At 40 Percent S o l ids  In 
Aerobic And Anaerobic Environments For 
An Eleven Day I n v e s t i g a t i o n .
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general range rega rd less  o f the i n i t i a l  c o n c e n tra t io n s .  The average concen- 
t r a t io n s  Mere 22, 24, 41 and 34 mi l l i g r a m s  per l i t e r ,  r e s p e c t iv e ly ,  f o r  the  
tap w a te r, w e ll  water number 1, w e l l  water number 2, and seconda ry -trea ted  mu- 























F igure  19: Comparison Of To ta l A l k a l i n i t y  Concen tra tions In  S lu r ry  
Wastewaters Prepared With South Bel A i r  Coal And 
Various Water Sources At 50 Percent S o lids  In  
Sequentia l Aerob ic-Anaerobic Environments.
Aluminum
The aluminum c o n ce n tra t io n s  in  the s lu r r y  wastewater were low, g e n e ra l ly  
less than about one m i l l ig ra m  per l i t e r .
Aerob ic . The v a r ia t io n  in  aluminum as a fu n c t io n  o f  t im e f o r  40, 50, and 
60 percent s o l id s  s l u r r i e s  is  shown on F igure  20. These data were ob ta ined  
using Wyodak coal and d i s t i l l e d  water.
The resu lts  of s im ila r studies using South Bel A ir coal are shown on Figure 
21. The average concentrations were 0.28, 0 .57 and 0.79 m illigram s per l i t e r  
fo r the 30, 40 and SO percent so lids s lu rr ie s , respective ly .
Figure 22 compares the aluminum concentrations fo r  the 50 percent so lids 
s lu rr ie s . S lig h tly  higher concentrations were measured in the South Bel A ir 
coal, but the differences in concentrations were s lig h t.
Figure 20 Comparison Of Aluminum Concentrations In S lurry Wastewaters 
Prepared With  Wyodak Coal And D is t i l le d  Water At 30,
40 And 50 Percent Solids In An Aerobic 
Environment.
The e ffe c t of mixing speed on aluminum concentrations is  shown on Figure 
23. As shown by th is  f ig u re , the aluminum concentrations were s l ig h t ly  higher 
in  the more rap id ly  mixed s lu rr ie s .
Figure 24 provides a comparison of the aluminum concentrations in  s lu rr ie s  













T im e ,  h o u r s
Figure 21: Comparison Of Aluminum Concentra t ions in  S lu r r y  Wastewaters 
Prepared With South Bel A i r  Coal And D i s t i l l e d  Water 












T im e ,  h o u r s
Figure 22: Comparison Of Aluminum Concentrations In 50 Percent Solids 
S lu rrie s  Prepared With South Bel A ir And Wyodak Coals 












T i m e ,  h o u r s
Figure 23: Comparison Of Aluminum Concentra t ions In 50 Percent So l ids  
S lu r r i e s  Prepared With South Bel A i r  Coal And D i s t i l l e d  
Water At Two Mixing Speeds In An Aerobic Environment.
f o r  per iods up to eleven days. As shown by the f i g u r e ,  the general  t rend  was 
f o r  s l i g h t l y  increas ing  aluminum concentra t ions as a fu n c t io n  o f  t ime.  How- 
ever ,  t h i s  inc reas ing  t rend was s l i g h t .  These data represent 40 percent s o l -  
ids s l u r r i e s .
Anaerobic.  A comparison of  the aluminum concentra t ions in 40 percent s o l - 
ids s l u r r i e s  prepared w i th  South Bel A i r  and Wyodak coa ls ,  and d i s t i l l e d  water
is  shown on Figure 25. As shown by t h i s  f i g u r e ,  s l i g h t l y  higher  aluminum 
concentra t ions  resu l ted  from the use o f  the South Bel A i r  coa l .
Ae rob ic -Anaerobic. A comparison o f  the aluminum concentra t ions  in  s l u r r y  
wastewaters prepared w i th  Wyodak coal and d i s t i l l e d  water in aerobic and anae- 
rob ic  environments i s  shown on Figure  26 . As shown by t h i s  f i g u r e ,  the 












T i m e , days
Figure 24: Comparison Of Aluminum Concentrations In 40 Percent Solids 
S lu rr ies  Prepared With South Bel A ir And Wyodak Coals, 
And D is t i l le d  Water In An Aerobic Environment 











Figure 25: Comparison Of Aluminum Concentrations In 40 Percent Solids 
S lu rr ies  Prepared With South Bel A ir And Wyodak Coals, 
And D is t i l le d  Water In An Anaerobic Environment 
For An Eleven Day Inves tiga tion .
T im e ,  day s
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environment were consis tently  higher than those prepared with the aerobic en- 










T im e ,  d a y s
F igure  26: Comparison Of The Aluminum C oncen tra tions in  40 Percent S o lid s  
S lu r r ie s  Prepared W ith Wyodak Coal And D is t i l le d  Water 
In  Aerobic And Anaerobic Environments For An 
Eleven Day In v e s t ig a t io n .
Figure 27 shows the resu lts  of a s im ila r  study conducted with South Bel A ir 
coal and d is t i l le d  water. As shown by th is  f ig u re , the aluminum concentra- 
tions resu lt ing  from the two environments were essen tia lly  the same. A very 
s l ig h t  tendency fo r increasing concentrations as a function of time was ob- 
served fo r both the aerobic and anaerobic s lu r r ie s .  However, the aluminum 
concentrations obtained in the i n i t i a l  sample essen tia lly  were representative 
of those fo r the en t ire  run.
Sequential Aerobic-Anaerobic. The aluminum concentrations in s lu rry  waste- 
waters prepared with South Bel A ir coal and various water sources are shown on 












T im e ,  d a y s
Figure  27: Comparison Of The Aluminum Concentra t ions In 40 Percent So l ids  
S lu r r i e s  Prepared With South Bel A i r  Coal And D i s t i l l e d  
Water In Aerobic And Anaerobic Environments For 
An Eleven Day I n v e s t i g a t i o n .
ondary-treated municipal wastewater. As shown by the f ig u re ,  the aluminum 
concentrations migrated to the same general range regardless of the i n i t i a l  
concentration. The average concentrations during the anaerobic phase of the 
inves tiga tion  were 0.75, 0.87, 1.01 and 1.02 milligrams per l i t e r  fo r  the sur- 
face water, well water number 1, well water number 2 and the secondary-treated 
municipal wastewater, respective ly .
Biochemical Oxygen Demand
Biochemical oxygen demand can be defined as the quantity  of molecular oxy- 
gen required to s ta b i l iz e  the biodegradable f ra c t io n  of a waste by aerobic 
biochemical action. The two biochemical oxygen demand values o rd in a r i ly  used 
are the five-day biochemical oxygen demand (BODS) and the u lt im ate  biochemical 
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Figure 28: Comparison Of Aluminum Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal And Various Water 
Sources At 50 Percent Solids In Sequential 
Aerobic-Anaerobic Environments.
quantity of oxygen required to s tab ilize  a waste in a five  day incubation pe­
riod. The ultimate biochemical oxygen demand represents the maximum quantity 
of oxygen required to s tab ilize  a given amount of waste b io log ica lly . For 
"typ ica l" domestic wastewater, the ultimate biochemical oxygen demand is usu- 
a lly  exerted within 25 to 30 days and is generally about 1.5 times the five - 
day biochemical oxygen demand. These relationships do not, however, necessar- 
i ly  hold true for industria l wastewaters. Such wastewaters nay range from 
non-biodegradabl e to readily biodegradable depending on the type of organic 
material present. Figure 29 shows a "typ ica l" biochemical oxygen demand curve 
for domestic wastewater. The lower curve represents the carbonaceous demand 
with the upper curve representing nitrogenous demand. The carbonaceous demand 
refers to the quantity of oxygen required to stab ilize  the carbon in the
81
waste. The nitrogenous demand refers to the quantity of oxygen required to 
convert the nitrogen in the waste to n itra te  (N03).
Figure 30 shows three biochemical oxygen demand curves that can occur for 
various industria l wastewaters. Curve A represents a wastewater that is non- 
biodegradable, has l i t t l e  biochemical oxygen demand, or for which acclimation 
of the microorganisms is necessary. Acclimation of microorganisms (when pos- 
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Figure 29: Typical Ultimate Biochemical Oxygen Demand Curve
For Domestic Wastewater.
natural media with gradual substitution of the wastewater u n til the 
microorganisms are acclimated. Curve B represents a wastewater that required 
acclimation of the microorganisms, but for which acclimation was re la tive ly  
easy to accomplish. Curve C represents a "typ ica l" domestic wastewater in - 
cluded for comparison purposes. These curves are included as background in- 
fo rmation because some d if f ic u lty  was encountered in obtaining consistent re-
82
suits without acclimation of the microorganisms p rio r to in it ia t io n  of the 
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Figure 30: Ultimate Biochemical Oxygen Demand Curves Representing 
Different Degrees Of Biological T reatab ility .
Aerobic. Five-day biochemical oxygen demand curves for South Bel A ir coal 
in 40 percent solids s lu rries are shown on Figure 31. As shown by these f ig ­
ures, the five-day biochemical oxygen demand in s lu rries prepared with South 
Bel Air coal decreased as a function of tine . The generally decreasing five - 
day biochemical oxygen demand concentrations could result from stab iliza tion  
of the biochemical oxygen demand, from adsorption of the biodegradable mate- 
r ia l by the coal, from increasing concentrations of a toxic ma te ria l, or from 
a combination of these factors. Adsorption of the biodegradable ma te ria l by 
the coal is believed to be the p r imary causation of th is  decreased demand. 
Although no attempt was made to conduct the tests in a s te rile  environment, 
the slurry samples were not inoculated with organisms. The t i me required to
83
grow an adequate population of organisms combined with the diminishing, and 
ultimate depletion, of the dissolved oxygen, and the slow rate of growth of 
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Figure 31: Five-Day Biochemical Oxygen Demand Concentrations In Slurry 
Wastewaters Developed With South Bel Air And Wyodak 
Coals And D is tille d  Water At 40 Percent Solids 
In An Aerobic Environment For An Eleven 
Day Investigation.
Anaerobic. The five-day biochemical oxygen demand concentrations in s lu r- 
ries prepared with South Bel Air and Wyodak coals in an anaerobic environment 
are shown on Figure 32 as a function of t i me. As shown by th is  figu re , the 
general shape of the curve for the South Bel Air coal is very s imila r  to other 
five-day biochemica l oxygen demand curves developed during the research pro- 
je c t.
The curve representing the Wyodak coal was somewhat more variable, although 
a general tendency for decreasing biochemical oxygen demand concentrations as
84
a function of t i me was evident. Although the in i t ia l  five-day biochemical ox- 
ygen demand concentrations were nearly the same, the s lurries prepared with 
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Figure 32: Five-Day Biochemical Oxygen Demand Concentrations As A Function 
Of Tine For South Bel Air And Wyodak Coals And D is tilled  
Water At 40 Percent Solids In An Aerobic 
Environment For An Eleven Day 
Investigation.
Aerobic-Anaerobic. Five-day biochemical oxygen demand curves developed 
with aerobic and anaerobic environments are shown on Figure 33. The data were
mixed with a tendency for decreasing concentrations near the end of the 
investigation. The average concentrations were 103 and 136 milligrams per 
l i te r ,  respectively, for the aerobic and anaerobic data.
A sim ilar comparison of data developed with d is tille d  water and South Bel 
Air coal is shown on Figure 34. As shown by th is figure, the two curves are 
very sim ilar with the five-day biochemical oxygen demand concentrations devel- 
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Figure 33: Comparison Of Five-Day Biochemical Oxygen Demand Concentrations 
For Wyodak Coal And D is t i l le d  Water Developed In Aerobic 
And Anaerobic Environments For An Eleven 
Day Inves tiga tion .
bic environment. The average concentrations during the la s t e ight days of the 
study were 32 and 46 milligrams per l i t e r ,  respective ly , fo r  the aerobic and 
anaerobic data.
Chemical Oxygen Demand
The chemical oxygen demand tes t also provides a measure of the organic ma- 
te r ia l  present in a wastewater. This tes t uses a strong oxidant (potassium 
dichromate) in the presence of a strong acid (s u l fu r ic )  to oxid ize organic ma- 
te r ia ls  present in the sample. Because the chemical oxygen demand te s t  meas- 
ures both non-biodegradable and biodegradable organic m ateria l, the chemical 
oxygen demand is  greater than the biochemical oxygen demand fo r  a sample, ex-  





























Figure 34: Comparison Of Five-Day Biochemical Oxygen Demand Concentrations 
For South Bel A ir Coal And D is t i l le d  Water Developed In 
Aerobic And Anaerobic Environments For An Eleven 
Investiga tion .
Aerobic. Figure 35 shows the chemical oxygen demand concentrations in 
s lu rry  wastewaters prepared with Wyodak coal and d is t i l l e d  water fo r  40, 50
and 60 percent so lids s lu r r ie s .  As would be expected, the chemical oxygen de- 
mand increased as a function of percent so lids . For a l l  three curves, the 
general trend was fo r  increasing chemical oxygen demand concentrations fo r  
about one to one and one-half days followed by decreasing concentrations dur- 
ing the remainder of the tes t period. Decreasing concentrations were more 
pronounced fo r the 60 percent so lids s lu rry  than fo r  the 40 and 50 percent 
so lids s lu r r ie s .
The e ffec t of mixing speed on the chemical oxygen demand produced in the 
s lu rry  wastewater is  shown on Figure 36. As shown by th is  f ig u re , the chemi- 




















T im e ,  h o u r s
Figure 35: Chemical Oxygen Demand Concentrations In S lurry Wastewaters 
Prepared With Wyodak Coal And D is t i l le d  Water At 40, 50 
And 60 Percent Solids In An Aerobic Environment.
curves represent s lu rry  wastewaters prepared with Wyodak coal and d is t i l l e d  
water at 50 percent so lids .
A comparison of the chemical oxygen demand concentrations in s lu rry  waste- 
waters prepared at two mixing speeds is  shown on Figure 37. Wyodak coal and 
d i s t i l l e d  water were used to form the s lu r r ie s .  The average concentrations 
were 106 and 131 milligrams per l i t e r ,  respective ly , fo r  the lower and higher 
mixing speeds. The general trends were the same fo r  both s lu r r ie s .  That is ,  
the chemical oxygen demand concentrations i n i t i a l l y  increased, then decreased 
in the la t te r  part of the inves tiga tion .
A s im ila r  comparison of chemical oxygen demand concentrations in  s lu rry  
wastewaters prepared with two mixing speeds at 50 percent so lids is  shown on 
Figure 38. The general trends were the same fo r  both s lu r r ie s .  The chemical
88
Figure 36: Comparison Of Chemica l Oxygen Demand Concentrations In Slurry 
Uasteuaters Prepared With  Wyodak Coal And D is t i l le d  Water 
At 50 Percent Solids With  Tuo Mixing Speeds In 
An Aerobic Environment.
Figure 37: Comparison Of Chemica l Oxygen Demand Concentrations In S lurry 
Wastewaters Prepared With  Wyodak Coal And D is t i l le d  Water 
At 40 Percent Solids Wi th  Two Mixing Speeds In 
An Aerobic Environment.
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oxygen demand concen t ra t ions  i n i t i a l l y  increased,  then decreased du r ing  the 
l a t t e r  p a r t  o f  the i n v e s t i g a t i o n s .  The average c oncen t ra t ions  were 164 and 
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Figure 38: Comparison Of Chemical Oxygen Demand Concentrations In S lurry 
Wastewaters Prepared With Wyodak Coal And D is t i l le d  Water 
At 50 Percent Solids With Two Mixing Speeds In An 
Aerobic Environment.
Figure 39 shows a comparison of the chemical oxygen demand concentrations 
in s lu rry  wastewaters prepared with South Bel A ir coal and d is t i l l e d  water at 
30, 40 and 50 percent so l ids . As shown by the f ig u re ,  the general trends fo r 
the 30 and 40 percent so lids s lu r r ie s  were fo r  decreasing chemical oxygen de- 
mand concentrations as a function of detention t i me. However, the general 
trend fo r  the 50 percent so lids s lu rry  was fo r  increasing chemical oxygen de- 
mand concentrations during the f i r s t  one-half of the run followed by decreas- 
ing concentrations during the remainder of the inve s t iga t io n . The chemical
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oxygen demand concentrations at the end of the s ix ty  hour inves tiga tion  were 
31, 46 and 50 mil l ig ra m s  per l i t e r ,  respective ly , fo r  the 30, 40 and 50 per­
cent so lids s lu r r ie s .  The average concentrations were 51, 71 and 124 m i l l i ­
grams per l i t e r .
Figure 40 shows a conparison of the chemica l oxygen demand concentrations 
in s lu rry  wastewaters prepared with Wyodak and South Bel A ir coals at 40 per­
cent so lids . D is t i l le d  water was used as the s lu rry  media. The average con­
centrations were 106 and 51 mi l l ig ra n s  per l i t e r ,  respective ly , fo r  s lu rry  
wastewaters prepared with the Wyodak and South Bel A ir coals. However, the 
concentrations at the end of the s ix ty  hour investiga tion  were much closer. 
These concentrations were 50 and 46 mi l l ig ra n s  per l i t e r ,  respective ly , fo r 
the Wyodak and South Bel A ir coals.
Figure 39: Comparison Of Chemica l Oxygen Denand Concentrations In S lurry 
Wastewaters Prepared Wi th  South Bel A ir Coal And D is t i l le d  
Water At 30, 40 and 50 Percent Solids In An Aerobic
Environment.
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A s im ila r comparison of chemical oxygen demand in s lu rry  wastewaters pre- 
pared with Wyodak and South Bel A ir coals in 50 percent so lids s lu r r ie s  is  
shown on Figure 41. The average concentrations were 164 and 124 milligrams 
per l i t e r ,  respective ly , fo r  s lu rry  wastewaters prepared with Wyodak and South 
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Figure 40s Comparison Of Chemical Oxygen Demand Concentrations In S lurry 
Wastewaters Prepared With Wyodak And South Bel A ir Coals, 
And D is t i l le d  Water At 40 Percent Solids In 
An Aerobic Environment.
Figure 42 shows the chemical oxygen demand concentrations in  s lu rry  waste- 
waters prepared with Wyodak and South Bel A ir coals at 40 percent so lids . 
D is t i l le d  water was used as the s lu rry  media fo r  the eleven day investiga-




















T i m e ,  h o u r s
Figure 41: Comparison Of Chemical Oxygen Demand Concentrations In S lurry 
Wastewaters Prepared With Wyodak And South Bel A ir Coals, 
And D is t i l le d  Water At 50 Percent Solids In 
An Aerobic Environment.
prepared with the Wyodak coal. Average values were 260 and 90 milligrams per 
l i t e r ,  respective ly, fo r  s lu rry  wastewaters prepared with the Wyodak and South 
Bel A ir coals. A generally decreasing trend was evident fo r the chemical oxy- 
gen demand in s lu rry  wastewaters prepared with the South Bel A ir coals.
Anaerobic. Figure 43 shows a comparison of the chemical oxygen demand con- 
centrations in s lu rry  wastewaters prepared with Wyodak and South Bel A ir  coals 
in an anaerobic environment. Forty percent so lids s lu r r ie s  were used to de- 
velop the data with d is t i l l e d  water used as the s lu rry  media. The average 
chemical oxygen demand concentrations were 350 and 125 milligrams per l i t e r ,  
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Figure 42: Comparison Of Chemical Oxygen Demand Concentrations In S lurry
Wastewaters Prepared Wi th Wvodak And South Bel  A i r  Coals ,  
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Figure 43: Comparison Of Chemical Oxygen Demand Concentrations In b lu rry  
Wastewaters Prepared With Wyodak. And South Bel A ir Coals, 
And D is t i l le d  Water At 40 Percent Solids In An 
Anaerobic Environment For An Eleven Day 
Inves tiga tion .
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Aerobic-Anaerobic. Figure 44 provides a comparison of the chemical oxygen 
demand data fo r s lu rry  wastewaters prepared with aerobic and anaerobic env i- 
ronments. Wyodak coal and d is t i l le d  water were used to form the s lu r r ie s .  
The solids concentration was fo r ty  percent. As shown by the f ig u re ,  the chem- 
ica l oxygen demand data developed with the anaerobic environment were nearly 
always greater than that developed with the aerobic environment. With the ex- 
ception of one data po in t, the trends fo r  the two sets of data were very s im i- 
la r .  The average concentrations were 260 and 250 milligrams per l i t e r  fo r  the 
s lu rry  wastewaters prepared with the Wyodak and South Bel A ir coals, respec- 
t iv e ly .
A comparison of the chemical oxygen demand concentrations in s lu rry  waste- 
waters prepared with South Bel A ir coal in aerobic and anaerobic environments 
is shown on Figure 45. D is t i l le d  water was used as the s lu rry  media. Forty 
percent so lids s lu rr ie s  were used to develop the data. The average concentra- 
t ions were 90 and 125 milligrams per l i t e r ,  respective ly , fo r the Wyodak and 
South Bel A ir s lu rry  wastewaters. The chemical oxygen demand values were 
nearly iden tica l at the end of the eleven day detention period. These concen- 
tra t ions  were 72 and 80 milligrams per l i t e r  fo r  the aerobic and anaerobic 
s lu rry  wastewaters, respective ly . However, the anaerobic data were greater 
than the aerobic data through most of the inves tiga tion . The general trend 
was fo r decreasing chemical oxygen demand concentrations with increasing de- 
tention time.
Sequential Aerobic-Anaerobic. The chemical oxygen demand concentrations in 
s lu rry  wastewaters prepared from s lu r r ie s  mixed in sequential aerobic-anaero- 
bic environments are shown on Figure 46. The data were mixed with the chemi- 
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Figure 44: Comparison Of Chemical Oxygen Demand Concentrations In S lurry 
Wastewaters Prepared With Wyodak Coal And D is t i l le d  Water 
At 40 Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Inves tiga tion .
the water sources w ith in  the same general range. The use of the fou rth  water 
source, one of the well waters, resulted in  chemical oxygen demand data s ig -  
n i f ic a n t ly  higher. However, the concentrations at the end of the study were 
w ith in  the same general range. The average concentrations in  the anaerobic 
phase of the study were 90, 84, 170 and 91 milligrams per l i t e r ,  respective ly 
fo r the tap water, well water number one, well water number two and secondary- 
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Figure 45: Comparison Of Chemical Oxygen Demand Concentrations In S lurry 
Wastewaters Prepared With South Bel A ir Coal And D is t i l le d  
Water At 40 Percent Solids In Aerobic And Anaerobic 
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Figure 46: Comparison Of Chemical Oxygen Demand Concentrations In S lurry 
Wastewaters Prepared With South Bel A ir  Coal, And Various 
Water Sources At 50 Percent Solids In Sequential 
Aerobic-Anaerobic Environments.
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Biochemical  Oxygen Demand- Chemica l  Oxygen Demand
Aerob ic .  Figure  47 shows a comparison o f  the f i v e -d a y  biochemica l  and 
chemical oxygen demands in s l u r r y  wastewaters prepared w i th  Wyodak coal  and 
d i s t i l l e d  water .  S lu r r y  fo rmat ion  was conducted using f o r t y  percent  s o l i d s .  
The average f i v e -d a y  biochemica l  oxygen demand was 102 m i l l ig ram s  per l i t e r .  
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Figure 47: Comparison Of Five-Day Biochemical  Oxygen Demand And Chemical 
Oxygen Demand Concentrat ions  In S lu r r y  Wastewaters Prepared 
With Wyodak Coal And D i s t i l l e d  Water At For ty  Percent 
So l ids  In An Aerobic Environment For An Eleven Day
I n v e s t i g a t i o n .
A s im i l a r  comparison o f  the f i v e -d a y  biochemical  oxygen demand and chemical 
oxygen demand concen t ra t ions  is  shown on Figure 48. South Bel A i r  coal  and 
d i s t i l l e d  water were used f o r  t h i s  i n v e s t i g a t i o n .  S lu r r y  s o l i d s  concen t ra t ion  
was f o r t y  percen t .  The average f i v e -d a y  biochemica l  oxygen demand and chemi-  
ca l  oxygen demand concen t ra t ions  were 49 and 90 m i l l ig ra m s  per l i t e r ,  respec-  
t i v e l y .
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Figure 48: Comparison Of Five-Day Biochemical Oxygen Demand And Chemical 
Oxygen Demand Concentrations In Slurry Wastewaters Prepared 
With South Bel A ir  Coal And D is t i l l e d  Water At Forty 
Percent Solids In An Aerobic Environment For An 
Eleven Day Investigation.
Anaerobic. Figure 49 provides a comparison of the f ive-day biochemical and 
chemical oxygen demand concentrations in s lu r ry  wastewaters prepared with Wyo- 
dak coal and d i s t i l l e d  water in an anaerobic environment. Slurry sol ids con­
centrat ions were fo r ty  percent. The average f ive-day biochemical and chemical 
oxygen demand concentrations were 136 and 350 mill igrams per l i t e r ,  respec­
t i v e l y .
Figure 50 shows the f ive-day biochemical and chemical oxygen demand concen­
t ra t ions  in s lu r ry  wastewaters prepared with South Bel Air  coal and d i s t i l l e d  
water in an anaerobic environment fo r  an eleven day detention time. Forty 
percent sol ids were used to form the s lu r ry .  The average f ive-day biochemical 
and chemical oxygen demand concentrations were 72 and 124 mil l igrams per 
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Figure 49: Comparison Of Five-Day Biochemical Oxygen Demand And Chemical 
Oxygen Demand Concentrations In S lurry  Wastewaters Prepared 
With Wyodak. Coal And D is t i l le d  Water At Forty Percent 
Solids In An Anaerobic Environment For An Eleven 
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Figure 50: Comparison Of Five-Day Biochemical Oxygen Demand And Chemical 
Oxygen Demand Concentrations In S lurry  Wastewaters Prepared 
With South Bel A ir Coal And D is t i l le d  Water At Forty 
Percent Solids In An Anaerobic Environment For An 
Eleven Day Inves tiga tion .
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Chloride
Aerobic. Figure 51 shows the chloride concentrations in 40 and 50 per­
cent so lids s lu rr ie s  prepared with Wyodak coal and d is t i l l e d  water. With the 
exception of a peak during the las t day of the run fo r  the 50 percent so lids 
data, the chloride concentrations were quite consistent throughout the s ix ty  
hour te s t .  The chloride concentrations increased with increasing so lids le v ­
els as would be expected. The average concentrations fo r  40, 50 and 60 per­
cent so lids s lu r r ie s  were 360, 480 and 705 milligrams per l i t e r ,  respective­
ly .
Figure 51: Comparison Of Chloride Concentrations In S lurry Wastewaters 
Prepared With  Wyodak Coal And D is t i l le d  Water At 40,
50 And 60 Percent Solids In An Aerobic 
Environment.
Comparisons of ch loride concentrations in s lu rry  wastewaters in 30, 40 and 
50 percent solids s lu r r ie s  are shown on Figure 52. As shown by th is  f igu re , 
the chloride concentrations were highly variable fo r  a l l  three s lu r r ie s .  L i t -
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t l e can be deduced from the data other than the ind ica tion  tha t the ch lo ride  
concentrations were low in a l l  cases. The average concentrations were 3.5, 
3.4 and 6.1 Milligrams per l i t e r ,  respective ly , fo r  the 30, 40 and 50 percent 
so lids s lu r r ie s .  The data were developed using South Bel A ir  coal and d is ­
t i l l e d  water.
Figure 52: Comparison Of Chloride Concentrations In S lurry  Wastewaters 
Prepared Wi th  South Bel A ir  Coal And D is t i l le d  Water At 30, 
40 And 50 Percent Solids In An Aerobic Environment.
Figure 53 shows a comparison of the chloride concentrations in  s lu rry  
wastewaters prepared with d is t i l l e d  water and the two coals at the 40 percent 
so lids  leve ls . Chloride in the s lu rry  wastewater produced with the Wyodak 
coal was subs tan t ia l ly  higher than fo r  the South Bel A ir coal. However, the 
chloride levels were low in a l l  s lu r ry  wastewaters produced with western coal.
Calcium and Total Hardness
The tern hardness usually is  used in reference to the d iva lent metal ca­
tions present in water. Because calcium and magnesium usually predominate
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Figure 53: Comparison Of Chloride Concentrations In S lurry Wastewaters 
Prepared With Wyodak And South Bel A ir Coals, And D is t i l le d  
Water At 40 Percent Solids In An Aerobic Environment.
over the other d iva lent metal cations, the term is  usually used to mean the 
sum of the calcium and magnesium concentrations in the sample expressed on a 
common basis.
The s ign if icance of hardness in water is  re lated p r im ari ly  to non-physio- 
log ica l considerations. Water treated fo r  domestic consumption o rd in a r i ly  is 
softened i f  the hardness exceeds 150-175 milligrams per l i t e r .  Such treatment 
is provided to reduce soap consumption, to minimize calcium carbonate p re c ip i­
ta t io n  on heat exchange surfaces, and fo r  other more l im ited  reasons.
The technology of hardness removal from water is  well developed. Conse­
quently, the presence of hardness in the s lu rry  wastewater is  p r im a r i ly  an 
economic consideration. Hot and cold lime-soda ash softening, hot phosphate
softening, and ion exchange a l l  nay be used with min in a l  d i f f i c u l t y  fo r  hard­
ness removal. For in s ta l la t io n s  u t i l i z i n g  the s lu rry  wastewater without d i lu ­
t ion  in heat exchange equipment, softening may be required to avoid reduction 
in heat exchange rates because of ca lc iu m carbonate p re c ip ita t io n  on the heat 
exchange surfaces.
Aerobic. Figure 54 shows the ca lc ium and to ta l  hardness concentrations 
in s lu rry  wastewaters prepared with Wyodak coal and d i s t i l l e d  water with a 
solids concentration of 50 percent. The average ca lc iu m and to ta l  hardness 
concentrations were 174 and 332 mi l l i g r a ms per l i t e r .  The average c a lc iu m to 
to ta l  hardness ra t io  was 0.52. The peak ca lc iu m and to ta l  hardness 
concentrations occurred a f te r  an elapsed t in e  of about 30 hours. Both c a lc iu m 
and to ta l  hardness tended to increase to th is  po int and decreased fo r  the re- 
mainder of the run.
Figure 54: Calcium And Total Hardness As Functions Of Detention Tine 
For S lurry Wastewaters Prepared Wi th  Wyodak Coal And 
D is t i l le d  Water At 50 Percent Solids In An Aerobic
Environment.
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The ca lc ium and to ta l  hardness concentrations fo r 40 percent so lids  s lu r ­
r ies  are shown on Figure 55. These data were developed using Wyodak coal and 
d is t i l l e d  water. The ca lc iu m to to ta l  hardness ra t io  fo r  these data was 0.53. 
The average ca lc iu m and to ta l  hardness concentrations were 121 and 229 mi l l i -  
grams per l i t e r .  Peak concentrations were also apparent in these data. How­
ever, the highest concentrations measured fo r  both ca lc iu m and to ta l  hardness 
occurred a f te r  an elapsed t ine  of 15 hours. These peaks were more pronounced 
than fo r  the 50 percent so lids data. Following the peak concentrations, both 
ca lc iu m and to ta l  hardness decreased through the remainder of the te s t period.
Figure 55: Calcium And Total Hardness As Functions Of Detention Tine 
For S lurry Wastewaters Prepared With  Wyodak Coal And 
D is t i l le d  Water 40 Percent Solids In An Aerobic
Environnent.
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Figure 56 provides an ind ica tion  of the e ffe c t  of so lids  concentration on 
the to ta l  hardness in s lu rry  wastewaters prepared with Wyodak. coal and d is ­
t i l l e d  water. These curves represent 30, 40 and 50 percent so lids s lu r r ie s .
Figure 56: Comparison Of Total Hardness Concentrations In 40 And 50 
Percent Solids S lu rr ies  Prepared Wi th  Wyodak Coal And 
D is t i l le d  Water In An Aerobic Environment.
Figure 57 shows the calcium and to ta l  hardness concentrations in s lu rry  
wastewaters prepared with South Bel A ir coal and d is t i l l e d  water at a so lids  
concentration of 50 percent. The general tendency was fo r  decreasing c a lc iu m 
and to ta l  hardness concentrations as a function of detention t in e ,  p a r t icu ­
la r ly  during the la s t twenty hours of the inves tiga tion . The average concen­
tra t io n s  were 196 and 319 milligrams per l i t e r  y ie ld ing  a ca lc ium to to ta l  
hardness ra t io  of 0.61.
Figure 58 shows the ca lc iu m and to ta l  hardness concentrations in s lu rry  
wastewaters prepared with South Bel A ir  coal and d is t i l l e d  water at a so lids 
concentration of 40 percent. The average calcium and to ta l  hardness concen­
tra t io n s  were 87 and 143 milligrams per l i t e r .  The calcium to to ta l  hardness
105
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Figure 57: Calcium And Total Hardness Concentrations In S lurry Wastewaters 
Prepared Wi th  South Bel A ir Coal And D is t i l le d  Water At 
50 Percent Solids In An Aerobic Environnent.
Figure 58: Calcium And Total Hardness As Functions Of Detention Tine For 
S lurry Wastewaters Prepared With South Bel A ir Coal And 
D is t i l le d  Water At 50 Percent Solids In An 
Aerobic Environment.
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ra t io  fo r  these data was 0.61. The tendency was also fo r  generally decreasing 
ca lc iu m and to ta l  hardness concentrations as a function of detention t in e .
Figure 59 provides a comparison of the to ta l  hardness concentrations in 
s lu rry  wastewaters prepared with South Bel A ir coal and d is t i l l e d  water at 40 
and 50 percent so lids concentrations. The average concentrations were 143 and 
319 mi l l i g r a ms per l i t e r  (as ca lc iu m carbonate) fo r  the 40 and 50 percent s o l­
ids s lu r r ie s ,  respective ly .
Figure 59: Comparison Of Total Hardness Concentrations In S lurry 
Wastewaters Prepared Wi th  40 And 50 Percent Solids 
S lu rr ies  Developed With  South Bel A ir Coal And 
D is t i l le d  Water In An Aerobic Environment.
Figure 60 shows a comparison of the to ta l  hardness concentrations in 
s lu rry  wastewaters prepared with Wyodak And South Bel A ir coal using d is t i l l e d  
water as the s lu rry  media. These curves represent 50 percent so lids s lu r r ie s .  
The average concentrations were 332 and 319 mi l l ig r a n s  per l i t e r  fo r  the Wyo­
dak and South Bel A ir coals, respective ly .
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Figure 60: Comparison Of The Total Hardness Concentrations In Slurry 
Wastewaters Prepared With  Wyodak And South Bel Air 
Coals In 50 Percent Solids Slurries Using 
D is t i l le d  Water As The Slurry Media In 
An Aerobic Environnent.
A comparison of the to ta l hardness concentrations at two nixing speeds is 
shown on Figure 61. Wyodak coal at 50 percent solids was used to prepare the 
s lu r r ie s .  As shown by the f igu re , the to ta l hardness concentrations in the 
s lu rry  wastewaters nixed at the lower speed exceeded those in s lu rry  wastewa­
ters nixed at the higher speed.
Figure 62 shows the ca lc ium and to ta l hardness concentrations as a func­
t ion  of t ine  fo r an eleven day detention period. Following an increase during 
the i n i t i a l  twenty-four hour period, the ca lc ium hardness remained re la t ive ly  
stable. Somewhat more variable results were indicated by the to ta l hardness 
measurements.
The ca lc ium and to ta l hardness concentrations in s lurry  wastewaters pre­
pared with South Bel A ir coal and d is t i l le d  water are shown on Figure 63. 
These data were developed with a 40 percent solids s lu rry .
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Figure 61: Comparison Of Total Hardness Concentrations In S lurry  
Wastewaters Prepared With  Wyodak Coal And D is t i l le d  
Water At SO Percent Solids At Two Mixing Speeds 
In An Aerobic Environment.
Figure 62: Calcium And Total Hardness Concentrations In S lurry Wastewaters 
Prepared Wi th  Wyodak Coal And D is t i l le d  Water At 40 Percent 
Solids In An Aerobic Environment For An Eleven Day
Inves tiga tion .
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Figure 63: Calcium and Total Hardness Concentrations In Slurry Wastewaters
Prepared With  South Bel Air Coal And D is tille d  Water 
At 40 Percent Solids In An Aerobic Environment 
For An Eleven Day Investigation.
Figure 64 provides a comparison of the calcium hardness data fo r the Wyodak 
and South Bel Air coals. These data were obtained using d is t i l le d  water as 
the s lu rry  media with a solids concentration of 40 percent. As shown by the 
figure , the calc ium concentrations for the Wyodak coal were larger than those 
representing the South Bel Air coal. The average ca lc ium concentrations were 
261 and 215 millig ra n s  per l i t e r  for s lurry wastewaters prepared with Wyodak 
and South Bel Air coals, respectively.
A comparison of the to ta l hardness concentrations in the s lu rry  wastewa­
ters prepared with Wyodak and South Bel Air coals is shown on Figure 65. As
shown by th is  figure , the to ta l hardness was greater in the s lu rry  prepared
with the Wyodak coal. The average to ta l hardness concentrations fo r the Wyo­
dak and South Bel Air coals were 366 and 310 mi l l ig r a ms per l i t e r ,  respec-
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Figure 64: Comparison Of Calcium Hardness Concentrations In Slurry 
Wastewaters Prepared With Wyodak And South Bel A ir 
Coals, And D is tille d  Water At 40 Percent Solids 
In An Aerobic Environment For An Eleven 
Day Investigation.
Figure 65: Comparison Of Total Hardness Concentrations In Slurry 
Wastewaters Prepared With  Wyodak And South Bel Air 
Coals, And D is tille d  Water At 40 Percent Solids 
In An Aerobic Environment For An Eleven Day 
Investigation.
112
Figure 66 provides a sim ilar comparison of the to ta l hardness concentra­
tions in slurry wastewaters prepared with d is tille d  water and secondary- 
treated municipal wastewater. Coal used was South Bel Air coal. The average 
concentrations were 373 and 498 millig ram s per l i t e r ,  expressed as calcium 
carbonate. Total hardness in the municipal wastewater prio r to formation of 
the slurry was 167 milligrams per l i t e r ,  expressed as calcium carbonate. 
Thus, the d is tille d  water and background concentrations are not additive for 
th is  parameter.
Figure 66: Comparison Of Total Hardness Concentrations In Slurry 
Wastewaters Prepared With South Bel Air Coal, And 
D is tille d  Water And Secondary-Treated Municipal 
Wastewater At 40 Percent Solids In An Aerobic 
Environment For An Eleven Day Investigation.
Anaerobic. Figure 67 shows the calcium and to ta l hardness concentrations 
as a function of detention time fo r s lurry wastewaters prepared with South Bel 
Air coal and secondary-treated municipal wastewater with a solids content of 
40 percent.
Aerobic-Anaerobic. A comparison of the calcium concentrations in slurry
wastewaters prepared with d is t i lle d  water and Wyodak coal is  shown on Figure
68. Only minor differences in concentrations were indicated except at the be­
ginning and end of the test.
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Figure 67: Calcium And Total Hardness Concentrations In Slurry 
Wastewaters Prepared With  South Bel Air Coal And 
Secondary-Treated Municipal Wastewater At 
40 Percent Solids In An Anaerobic 
Environment.
Figure 69 shows to ta l hardness data developed with aerobic and anaerobic 
environments using South Bel Air coal and secondary-treated municipal wastewa­
te r. The slurry solids concentration was 40 percent. Only nominal d if fe r ­
ences between the to ta l hardness concentrations developed with aerobic and 
anaerobic environments were indicated by the data. The average values were 
310 and 454 milligrams per l i t e r  for the aerobic and anaerobic data, respec­
tiv e ly .
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Figure 68: Comparison Of Calcium Concentrations In Slurry Wastewaters 
Prepared With  Wyodak Coal And D is tille d  Water At 40 
Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
Figure 69: Comparison Of Total Hardness Concentrations In Slurry 
Wastewaters Prepared With  South Bel Air Coal And 
Secondary-Treated Municipal Wastewater At 40 
Percent Solids In Aerobic And Anaerobic 
Environments For A Ten Day 
Investigation.
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Figure 70 provides a comparison of the to ta l hardness concentrations in 
slurry wastewaters developed with South Bel Air coal, and d is t i l le d  water and 
secondary-treated Municipal wastewater. Slurry solids concentrations were 40 
percent. The average to ta l hardness concentrations were 454 and 380 M i l l i ­
grams per l i t e r ,  respectively, fo r the d is t i l le d  water and Municipal wastewa­
ter data, respectively. These data re fle c t anaerobic environments.
Figure 70: Comparison Of Total Hardness Concentrations In Slurry 
Wastewaters Prepared With  South Bel Ai r  Coal, And 
D is tille d  Water And Secondary-Treated Municipal 
Wastewater At 40 Percent Solids In An A naerob ic  
E nvironm ent For A len  Day Investigation.
Figure 71 shows a s imila r  comparison of the aerobic to ta l hardness con­
centrations for the d is t i l le d  water and secondary-treated municipal wastewater 
s lu rries . The average concentrations were 310 and 374 mi l l ig r a ms per l i t e r ,  
respectively, for the d is t i l le d  water and municipal wastewater.
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Figure 71: Comparison Of Total Hardness Concentrations In Slurry 
Wastewaters Prepared With  South Bel Air Coal, And 
D is tille d  Water And Secondary Treated Municipal 
Wastewater At 40 Percent Solids In An Aerobic 
Environment For A Ten Day Investigation.
Sequential Aerobic-Anaerob ic . Figure 72 provides a comparison of the 
ca lc ium hardness concentrations in s lu rry wastewaters prepared with four d i f ­
ferent water sources. As shown by the figure , the calcium in the slurry 
wastewaters prepared with two well waters and the municipal wastewater were 
approximately the sane. The calcium concentrations in the slurry wastewater 
prepared with the tap water were s ig n ifica n tly  higher than for the other three 
sources.
A comparison of the to ta l hardness concentrations in s lurry wastewaters 
prepared with tap water, two well waters and municipal wastewater, and South 
Bel A ir coal is shown on Figure 73. As with the calcium data, the two well 
waters, and the municipal wastewater were within the sane general range. The
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Figure 72: Comparison Of Calcium Hardness Concentrations In Slurry 
Wastewaters Prepared With  Four water Sources And 
South Bel Air Coal At 50 Percent Solids In A 
Sequential Aerobic-Anaerobic Environment.
to ta l hardness in the slurry wastewaters prepared with  tap water was 
substantially greater than in the wastewaters prepared with the other three 
water sources.
Reuse Of Slurry Wastewater As The Slurry Media . The calcium concentra­
tions for slurry wastewaters prepared with municipal wastewater and recycled 
slurry wastewater are shown on Figure 74. As shown by th is  figure, the cal­
cium concentrations increased drama tica lly  as a result of reusing the slurry 
wastewater as slurry media.
Figure 75 shows a s imila r  comparison for to ta l hardness. As for calcium, 
the difference in the to ta l hardness concentrations was substantial.
Table 19 shows a comparison of the calcium concentrations in the slurry 
wastewaters prepared with municipal wastewater, and the sun of the calcium
118
Figure 73: Comparison Of Total Hardness Concentrations In Slurry 
Wastewaters Prepared With  Four Water Sources And 
South Bel Air Coal At SO Percent Solids In A 
Sequential Aerobic-Anaerobic Environment.
Figure 74s Comparison Of Calcium Concentrations In Slurry wastewaters 
Prepared with  Municipal Wastewater And Recycled Slurry 
Wastewater, And South Bel Air Coal At 50 Percent 
Solids Concentration.
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concen t ra t ions  in the d i s t i l l e d  water s l u r r i e s  and the background 
concen t ra t ions  in the mu n i c ip a l  wastewater.  As shown by the t a b le ,  the d i s ­
t i l l e d  water s l u r r y  plus background concen t ra t ions  exceeded the concen t ra t ions  
in the M u n i c i p a l  wastewater s l u r r y .  For f i v e  sets of  data ,  the c a l c i u m con­
c e n t ra t i o n s  in the mu n i c ip a l  wastewater s l u r r i e s  averaged 70 percent of  the 
sum of  the background p lus d i s t i l l e d  water s l u r r y  concen t ra t ions .  For the 40 
percent s o l id s  s l u r r i e s ,  the average was 62 pe rcen t ,  and f o r  the 50 percent 
s l u r r i e s  the average, was 76 percent of  the sun.
Figure 75: Compar ison  Of Tota l  Hardness Concent ra t ions In S lu r r y  
Wastewaters Prepared Wi t h  Munic ipal  Wastewater 
And Recycled S lu r r y  Wastewater ,  And South 
Bel A i r  Coal At 50 Percent So l ids  
Concent ra t ion .
A s i mi l a r  compar ison o f  t o t a l  hardness cocen t ra t ions  i s  shown on Table 19 . 
The t o t a l  hardness concen t ra t ions  y ie lded  the sane general r e s u l t s  as the c a l -  
c i u m hardness data.  That i s ,  the sum of the background p lus d i s t i l l e d  water 
s l u r r y  concen t ra t ions  exceeded the concen t ra t ions  measured in  the mu n i c ip a l
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TABLE 19
Comparison Of Calcium Hardness Concentrations
In
Slurry Wastewaters
wastewater s lu rry . The municipal wastewater slurry concentrations average 77 
percent of the sum of the d is tille d  water slurry plus background concentra­
tions. The to ta l hardness in the 40 percent municipal wastewater s lu rries av­
eraged 69 percent of the sum, whereas the average was 85 percent of the sum 
for the 50 percent solids s lu rries .
TABLE 20


































































Aerobic. The lead concentrations in slurry wastewaters f ormed with Wyo­
dak coal and d is tille d  water are shown on Figure 76. The lead concentrations 
increased as a function of the percent solids. Additionally, the lead concen­
trations for the 30 percent solids s lurry increased as a function of detention 
t i me. Although the figure tends to emphasize the variation in the concentra­
tions because of the scale on the ordinate, the data are re la tive ly  consist­
ent. The average concentrations were 0.26, 0.29 and 0.32 mi l l ig r a ms per 
l i t e r ,  respectively, for the 30, 40 and SO percent solids s lu rries . These 
concentrations are not linear with respect to slurry solids concentration. 
That is , the measured concentrations in the 40 and 50 percent s lu rries were 
less than the calculated values.
Figure 77 provides a comparison of the lead concentrations in s lurry 
wastewaters formed with Wyodak coal and d is t i l le d  water and nixed at two d i f ­
ferent speeds. These data represent 40 percent solids s lu rries . The average 
concentrations were 0.29 and 0.33 mi l l ig r a ms per l i t e r ,  respectively, at the 
lower and higher mixing speeds.
Comparable data fo r 50 percent solids s lurries are shown on Figure 78. 
The average concentrations were 0.32 and 0.35 mi l l ig r a ms per l i t e r  for the 
lower and higher nixing speeds, respectively.
Figure 79 illu s tra te s  the lead concentrations in slurry wastewaters pre­
pared with South Bel Air coal and d is t i lle d  water. The lead concentrations in 
the 50 percent solids slurry showed a very s ligh t tendency to decrease as a 
function of tine . The average concentrations were 0.05, 0.07 and 0.15 mi l l i ­
grams per l i te r ,  respectively, for the 30, 40 and 50 percent solids s lu rries .
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Figure 76: Comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared With  Wyodak Coal And D is tille d  Water At 30, 
40 And 50 Percent Solids In An Aerobic Environment.
Figure 77: Comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared With  Wyodak Coal And D is tille d  Water At 40 
Percent Solids With  Two Mixing Speeds In 
An Aerobic Environment.
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Figure 78: Comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared With  Wyodak Coal And D is tille d  Water At 50 
Percent Solids At Two Mixing Speeds In An 
Aerobic Environment.
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The lead concentrations in the s lu rry wastewaters formed with the Wyodak 
coal were substantially greater than those in s lu rries formed with the South 
Bel Air coal. Figure 80 shows comparisons of the lead concentrations in 40 
percent solids s lu rrie s . The average concentrations fo r the 40 percent s lu r­
ries were 0.26 and 0.07 milligrams per l i t e r  for the Wyodak and South Bel Air 
coals, respectively.
Figure 80: Comparison Of Lead Concentrations In Slurry wastewaters 
Prepared with  D is tille d  water, And South Bel A ir And 
Wyodak Coals At 40 Percent Solids In An Aerobic
Environment.
A sim ilar comparison of the lead concentrations in slurry wastewaters 
prepared with South Bel Air and Wyodak coals is shown on Figure 81. The aver­
age concentrations were 0.29 and 0.15 milligrams per l i t e r ,  respectively, for 
the Wyodak and South Bel Air coals.
Figure 82 shows the variation in lead concentrations as a function of 
time for slurry wastewaters prepared with Wyodak coal and d is t i lle d  water. 
Sixty percent solids s lu rries  were used to develop these data.
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Figure 81: Comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared With  D is tille d  water, And South Bel Air And 
Wyodak Coals At 50 Percent Solids In An Aerobic 
Environment.
Figure 82: Lead Concentrations In Slurry Wastewaters Prepared with  
Wyodak Coal And D is tille d  Water At 60 Percent 
Solids In An Aerobic Environment.
Figure 83 illu s tra te s  the effect of nixing speed on lead concentrations 
in s lurry wastewaters prepared with South Bel Air coal and d is t i l le d  water. 
These data represent 50 percent solids s lu rries . As shown, there were only 
Minor differences in the the concentrations. The average concentrations were 
0.15 and 0.16 M illig ra ms per l i t e r ,  respectively, for the lower and higher 
mixing speeds.
Figure 83: Comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And D is tille d  Water 
At 50 Percent Solids With  Two Mixing Speeds 
In An Aerobic EnvironMent.
The lead concentrations in 40 percent solids s lu rries in an eleven day 
investigation are shown on Figure 84. In s lu rries fo rmed with both coals, the 
in i t ia l  concentrations were representative of those Measured throughout the 
investigation. The average concentrations were 0.31 and 0.15 mi l l ig r a ms per 
l i t e r  for the Wyodak and South Bel A ir coals, respectively.
Anaerobic. Figure 85 shows the lead concentrations in slurry wastewaters 
prepared with d is t i l le d  water in an anaerobic environment. These data were 
developed using 40 percent solids s lu rries . The average concentrations were
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Figure 84: Comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared With  Wyodak And South Bel Air Coals, And 
D is tille d  Water At 40 Percent Solids In An 
Aerobic Environment For An Eleven 
Day Investigation.
Figure 8 5 : Comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared with  D is tille d  Water, And South Bel A ir And 
Wyodak Coals At 40 Percent Solids In An Anaerobic 
Environment For An Eleven Day Investigation.
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0.33 and 0.14 mi l l ig r a ms per l i t e r ,  respectively, in s lu rries  fo rmed with 
Wyodak and South Bel Air coals.
Aerobic- Anaerobic. A comparison of the lead concentrations in slurry
wastewaters fo rmed with Wyodak coal and d is t i l le d  Water in aerobic and anaero­
bic environments is shown on Figure 86. As shown by th is  figure , only nominal 
differences in the concentrations were indicated by the data. These occurred 
during the f i r s t  five  days of the investigation. For the remainder of the 
run, there was essentially no difference in the data for the t wo environments. 
From a practical viewpoint, the in i t ia l  concentrations were representative of 
those for the entire eleven day period for both the aerobic and anaerobic 
s lu rries . The average concentrations were 0.31 and 0.33 mi l l ig r a ms per l i t e r  
for the aerobic and anaerobic data, respectively.
Figure 86 : comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared With  Wyodak Coal And D is tille d  Water At 40 
Percent Solids In Aerobic And Anaerobic Environ 
nents For An Eleven Day Investigation.
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Figure 87 shows lead concentrations in slurry wastewaters fo rmed with 
South Bel Air coal and d is t i lle d  water in aerobic and anaerobic environments.
Only very minor differences in concentrations were indicated by the data. In 
both studies, the in i t ia l  concentrations were representative of those through­
out the eleven day detention period. The average concentrations were 0.15 and 
0.14 mi l l ig r a ms per l i t e r  for the aerobic and anaerobic environments, respec­
tiv e ly .
Figure 87: Comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And D is tille d  
Water At 40 Percent Solids In Aerobic And 
Anaerobic Environments For An Eleven 
Day Investigation.
Sequential Aerobic-Anaerobic. The lead concentrations in s lu rry wastewa­
ters prepared with South Bel Air coal using four d iffe ren t water sources at 50 
percent solids are shown on Figure 88. The average concentrations during the 
anaerobic phase of the investigation were 0.14, 0.12, 0.11 and 0.14 mi l l ig r a ms 
per l i t e r ,  respectively, for s lurries prepared with tap water, well water num- 
ber one, well water number two and the secondary-treated municipal wastewater.
Lead in the slurry wastewaters prepared with the tap water and secondary- 
treated Municipal wastewaters were v ir tu a lly  the sane throughout the anaerobic 
phase. Only snail differences in the lead contents of the wastewater in the 
anaerobic phase were indicated by the data fo r the two well waters. The lead 
concentrations Migrated to the 0.11 to 0.14 mi l l ig r a ms per l i t e r  range regard­
less of in i t ia l  concentration.
Figure 88 : Lead Concentrations In Slurry Wastewaters Formed With  South Bel 
Air Coal At SO Percent Solids And Various Water Sources 
In A Sequential Aerobic-Anaerobic Environment.
N itra te
Figure 89 shows the n itra te  concentrations in s lu rry  wastewaters prepared 
with Wyodak coal and d is t i l le d  water. These data were quite variable. The 
average n itra te  concentrations were 2.9, 3.3 and 3.6 M illig ra ms per l i t e r ,  re­
spectively, for the 40, 50 and 60 percent solids s lu rries . A s ligh t tendency 
for increasing concentrations as a function of detention t i me was evident fo r 
the 40 percent solids s lu rries . The n itra te  concentrations in the 50 and 60
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percent solids s lu rries were variable, but the general trend was for the con­
centrations to neither increase or decrease.
Figure 89: Comparison Of Nitrate Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 40, 50 
And 60 Percent Solids In An Aerobic Environment.
Comparisons of the n itra te  concentrations in slurry wastewaters prepared 
with South Bel Air coal and d is tille d  water are shown on Figure 90. The con­
centrations for the 30 and 40 percent solids s lurries were re la tive ly  constant 
with no increasing or decreasing trends evident as a function of tine . The 
average concentrations were 3.5 and 3.3 milligrams per l i te r ,  respectively, 
for the 30 and 40 percent solids s lu rries . The data are reported as nitrogen. 
The general trend for the 50 percent solids slurries was for increasing n i­
trate concentrations as a function of detention tine . The average concentra­
tion was 3.9 milligrams per l i te r  as nitrogen.
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Figure 90: Comparison Of N itrate Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And D is tille d  Water 
At 30, 40 and SO Percent Solids In An Aerobic 
Environment.
The effect of mixing speed on n itra te  concentrations in s lu rry wastewa­
ters formed with South Bel Air coal and d is t i l le d  water at 50 percent solids 
is shown on Figure 91. The average concentrations were 3.9 and 4.0 milligrams 
per l i t e r ,  respectively, for the lower and higher mixing speeds. A tendency 
for increasing n itra te  concentrations as a d irect function of detention time 
was evident from the data for both mixing speeds.
Figure 92 shows comparable data for 40 percent solids s lu rries . The av­
erage concentrations were 3.3 and 3.2 milligrams per l i t e r ,  respectively, for 
the lower and higher mixing speeds. As shown by the figure, there was very 
l i t t l e  difference in the data for the lower and higher mixing speeds. The n i­
tra te  concentrations remained nearly the same throughout the investigation.
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Figure 91: Comparison Of N itrate Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And D is tille d  Water 
At 50 Percent Solids With  Two Nixing Speeds 
In An Aerobic Environment.
Figure 92:  Comparison Of N itrate Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And D is tille d  Water 
At 40 Percent Solids With Two Mixing Speeds 
In An Aerobic Environment.
A sim ilar comparison of n itra te  concentrations in 30 percent solids s lurries 
is shown on Figure 93. The average concentrations were 3.5 and 3.4 Milligrams 
per l i t e r  for the lower and higher nixing speeds, respectively. The nitra te 
concentrations were nearly the sane throughout the investigation.
Figure 93: Comparison Of N itrate Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And D is tille d  Water 
At 30 Percent Solids With  Two Mixing Speeds 
In An Aerobic Environments.
Figure 94 illu s tra te s  the n itra te  concentrations in slurry wastewaters 
fo rmed with d is tille d  water at 40 percent solids. The average concentrations 
were 8.3 and 7.4 mi l l ig r a ms per l i t e r  fo r the s lu rries fo rmed with Wyodak and 
South Bel Air coal, respectively.
Aerobic-Anaerobic. The n itra te  concentrations in slurry wastewaters 
fo rmed with Wyodak coal and d is tille d  water in aerobic and anaerobic environ­
ments are shown on Figure 95. The data were nixed. The average concentra-
134
135
Figure 94: Comparison Of N itrate Concentrations In Slurry Wastewaters 
Prepared With  D is tille d  water, And Wyodak And South 
Bel Air Coals At 40 Percent Solids In An Aerobic 
Environment For An Eleven Day Investigation.
tions were 8.3 and 8.5 milligrams per l i t e r ,  respectively, for the aerobic and 
anaerobic s lu rries .
Figure 95: Comparison Of N itrate Concentrations In Slurry Wastewaters 
Prepared With  wyodak Coal And D is tille d  Water At 40 
Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
A comparison of n itra te  concentrations in s lu rry wastewaters fo rmed with 
South Bel A ir coal and d is t i l le d  water in aerobic and anaerobic environnents 
is shown on Figure 96. As shown by the figu re , the differences between the 
n itra te  concentrations in the aerobic and anaerobic environments were re la ­
tiv e ly  sna il. The average concentrations were 7.4 millig ra n s  per l i t e r  for 
both the aerobic and anaerobic s lu rries . However, the concentrations fo r both 
the aerobic and anaerobic s lu rries were quite variable.
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Figure 96: Comparison Of N itra te Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And D is tille d  Water At 
40 Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
The n itra te  concentrations in slurry 
wastewaters prepared with South Bel Air coal using four water sources are 
shown on Figure 97. F ifty  percent solids s lu rries  were used to develop these 
data. As shown by the figure, the data were nixed with no clearly definable 
trends evident. A ll data were within the range of fro m 1 to 9 millig ra n s  per 
l i t e r .  By the end of the investigation, the n itra te  concentrations were
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within the range fro m 2.7 to 6.2 Milligrams per l i t e r .  The average concentra­
tions for the four s lu rries were 5.5, 6.2, 4.3 and 6.2 mi l l ig r a ms per l i te r ,  
respectively, for the tap water, well water number one, well water number two, 
and secondary-treated municipal wastewater s lu rries , respectively.
Figure 97: Comparison Of N itrate Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And Various Water 
Sources In A Sequential Aerobic-Anaerobic 
Environment.
pH
Aerobic. In general, the pH of the coal s lu rries prepared with the Wyo­
dak and South Bel Air coals remained within a re la tive ly  narrow range. The pH 
values for slurry wastewaters prepared with Wyodak coal and d is ti lle d  water in 
an aerobic environment are shown on Figure 98. The tendency was fo r increas­
ing pH as a function of detention tine . The average values of the 40, 50 and 
60 percent solids s lu rries were 6. 8, 6.7 and 6.8, respectively.
Figure 99 shows the pH values of slurry wastewaters prepared with South 
Bel Air coal and d is t i l le d  water. The average pH values were 6.8, 7.1 and
6. 6, respectively, for 30, 40 and 50 percent solids s lu rries , respectively.
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Figure 98: Comparison Of pH Values In Slurry Wastewaters Prepared With  
Wyodak Coal And D is tille d  water At 40, SO and 60 Percent 
Solids In An Aerobic Environment.
Figure 99: Comparison Of pH Values In Slurry Wastewaters Prepared With  
South Bel Air Coal And D is tille d  Water At 30, 40 and 50 
Percent Solids In An Aerobic Environment.
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A comparison of the pH values in s lurry wastewaters mixed at d iffe ren t 
speeds is shown on Figure 100. These data were developed with  Wyodak coal and 
d is t i l le d  water at SO percent solids. As shown by the figure, only nominal 
differences in the pH values existed between the two sets of data.
Figure 100: Comparison Of pH Values In Slurry Wastewaters Prepared With  
Wyodak Coal And D is tille d  Water At 50 Percent Solids 
Using Two Mixing Speeds In An Aerobic 
Environment.
A comparison of the pH values in s lurry wastewaters prepared with South 
Bel Air coal at two mixing speeds is  shown on Figure 101. These data represent 
d is t i l le d  water s lu rries  prepared with 50 percent solids. As with the Wyodak 
coal s lu rries , only nominal differences in pH occurred as a resu lt of the 
higher nixing speed.
Figure 102 shows a comparison of the pH values in slurry wastewaters pre­
pared with South Bel Air and Wyodak coal in an aerobic environment. These
data were developed using 50 percent solids s lu rries  formed with d is t i l le d  
water.
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Figure 101: Comparison Of pH Values In Slurry wastewaters Prepared With 
South Bel Air Coal And D is tille d  Water At 50 Percent 
Solids Using Two Mixing Speeds In An Aerobic 
Environment.
Figure 102: Comparison Of pH Values In Slurry Wastewaters Prepared With 
South Bel Air And Wyodak Coals, And D is tille d  Water At 
50 Percent Solids In An Aerobic Environment.
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Figure 103 shows a comparison of the pH values in slurry wastewaters pre­
pared with Wyodak and South Bel Air coals in an eleven day investigation. As 
shown by the figure, the pH of the Wyodak coal slurry Wastewater tended to re­
main about the same throughout the eleven day period. The South Bel Air coal 
slurry Wastewater remained with in  the range of from 5.9 to 7.0. The average
pH values were 5.8 and 6.3 for the Wyodak and South Bel Air coal, respec­
tive ly . Forty percent solids s lurries prepared with  d is t i l le d  water were used 
to develop these data.
Tim e,  days
Figure 103: Comparison Of pH Values In Slurry wastewaters Prepared With  
Wyodak And South Bel Air Coals, And D is tille d  Water At 
40 Percent Solids In An Aerobic Environment For An 
Eleven Day Investigation.
Anaerobic. Figure 104 shows the pH values in slurry wastewaters prepared 
with  Wyodak and South Bel Air coals in an anaerobic environment. Forty per­
cent solids s lurries prepared With  d is tille d  water were used in the develop­
ment of these data. Fluctuation in the pH values in the Wyodak s lu rries was 
evident during the la tte r one-half of the investigation. The pH of the South 
Bel Air slurry in i t ia l ly  increased then remained about the sane for the re-
mainder of the investigation. A s ligh t dip in the pH values occurred near the 
end of the eleven day period. The average pH values were 6.5 and 7.1 for the 
Wyodak and South Bel Air s lu rries , respectively.
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Time,  days
Figure 104: Comparison Of pH Values In Slurry Wastewaters Prepared With  
Wyodak And South Bel Air Coals, And D is tille d  Water At 
40 Percent Solids In An Anaerobic Environment For An 
Eleven Day Investigation.
Aerobic-Anaerobic . Figure 105 shows the pH values in slurry wastewaters 
prepared with Wyodak coal and d is t i l le d  water in aerobic and anaerobic envi- 
ronments. As shown by the figure, the anaerobic pH values were greater than 
the aerobic pH values in a l l data obtained. The general tendency for the 
anaerobic data was fo r s lig h tly  increasing pH values as a function of tine . 
However, the data were quite variable during the la tte r  one-half of the inves­
tiga tion . The aerobic data were much more consistent and remained nearly con­
stant. The average values were 5.8 and 6.5, respectively,  fo r the aerobic and 
anaerobic data. Forty percent solids concentrations were used in  the develop- 
ment of these data.
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Figure 105: Comparison Of pH Values In Slurry Wastewaters Prepared With  
wyodak Coal And D is tille d  water At 40 Percent Solids In 
Aerobic And Anaerobic Environments For An Eleven 
Day Investigation.
A comparison of pH data developed in aerobic and anaerobic environments 
using South Bel Air coal and d is t i l le d  water is  shown on Figure 106. The 
anaerobic data were also consistently higher than the data developed using an 
aerobic environment. The average values were 6.3 and 7.1 for the aerobic and 
anaerobic data, respectively. Both the aerobic and anaerobic data indicated a 
tendency for increasing pH as a function of detention tine .
Sequential Aerobic-Anaerobic. The pH values in s lurry wastewaters pre­
pared with South Bel Air coal using four water sources are shown on Figure 
107 . The pH of the slurry wastewater prepared with the secondary-treated mu­
n icipal wastewater was greater than fo r the other s lurry wastewaters. The 
range of pH values in the anaerobic phase was from 6.1 to 7.5. The average 
values were 6.7, 6.7, 6.4 and 7.3 fo r the tap water, well water number one, 
well water number two, and secondary-treated municipal wastewater s lu rries .
144
Figure 106: Comparison Of pH Values In Slurry Wastewaters Prepared With  
South Bel Air Coal And D is tille d  Water At 40 Percent 
Solids In Aerobic And Anaerobic Environments For 
An Eleven Day Investigation.
Figure 107: Comparison Of pH Values In Slurry Wastewaters Prepared With  
South Bel Air Coal And Various Water Sources In A 
Sequential Aerobic-Anaerobic Environment.
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P o ta s s iu m
The potassium concentrations were re la tive ly  low and would not be s ig n if­
icant other than for the minor contribution to dissolved solids and specific 
conductance.
Aerobic. Figure 108 shows the potassium concentrations in s lurry waste- 
waters prepared with Wyodak coal and d is tille d  water. Forty, f i f t y  and sixty 
percent solids s lu rries were used for developing these data. As shown by the 
figure, the potassium concentrations remained re la tive ly  constant throughout 
the sixty-hour experiment. The average concentrations were 7.0, 8.3 and 10.6 
mil l ig ra ms per l i t e r ,  respectively, for the 40, SO and 60 percent solids s lu r­
ries.
Figure 108: Comparison Of Potassium Concentrations In Slurry Wastewaters 
Prepared with  Wyodak Coal And D is tille d  Water At 40, 50 
And 60 Percent Solids In An Aerobic Environment.
A comparison of potassium concentrations in slurry wastewaters prepared 
with Wyodak and South Bel Air coals and d is tille d  water is shown on Figure 
109. Forty percent solids s lurries were used to develop these data. As shown
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by the figure, there were s ign ifican t differences in the potassium concentra­
tions in the slurry wastewaters prepared with the two coals. However, the po­
tassium concentrations were re la tive ly  low in both slurry wastewaters.
Figure 109: Comparison Of Potassium Concentrations In Slurry Wastewaters
Prepared With  Wyodak And South Bel Air Coals And 
D is tille d  Water At 40 Percent Solids In An 
Aerobic Environment For An Eleven Day 
Investigation.
Anaerobic. Figure 110 provides a comparison of the potassium concentra­
tions in s lurry wastewaters prepared with Wyodak and South Bel A ir coals in an 
anaerobic environment. The differences in potassium concentrations in the 
slurry wastewaters prepared with the two coals were also evident in these 
data. Forty percent solids s lurries were used.
Aerobic-Anaerobic. Figure 111 provides a comparison of the potassium
concentrations in slurry wastewaters prepared in aerobic and anaerobic envi- 
ronments. Wyodak coal and d is t i l le d  water were used to fo rm the s lu rries . 
The solids concentrations used were 40 percent. As shown by the figure, some 
variation in the potassium concentrations was evident from the data. The av-
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Figure 110: Comparison Of Potassium Concentrations In Slurry wastewaters
Prepared With  Wyodak And South Bel Air Coals, And 
D is tille d  Water At 40 Percent Solids In An 
Anaerobic Environment For An Eleven 
Day Investigation.
erage concentrations were 10.9 and 11.3 milligrams per l i t e r ,  respectively, 
for the aerobic and anaerobic data.
A sim ilar comparison of potassium concentrations in s lurry wastewaters 
prepared with South Bel Air coal and d is tille d  water is shown on Figure 112. 
In general, the potassium concentrations developed in the aerobic environment 
were less than those developed in the anaerobic environment. The average con­
centrations were 4.9 and 6.4 milligrams per l i te r  for the aerobic and anaero­
bic s lu rries , respectively. Although the potassium concentrations were 
clearly d iffe ren t in the aerobic and anaerobic s lu rries , the difference has 
l i t t l e  practical significance because of the low concentrations.
Sequen tia l Aerobic-Anaerobic. Figure 113 shows the potassium concentra­
tions in slurry wastewaters prepared with South Bel Air coal and various water 
sources. The s lu rries were mixed in an aerobic environment fo r 30 hours then
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Figure 111: Comparison Of Potassium Concentrations In Slurry Wastewaters 
Prepared With  wyodak Coal And D is tille d  Water At 40 
Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
Figure 112: Comparison Of Potassium Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And D is tille d  Water At 
40 Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
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nixed in an anaerobic environment fo r the remainder of the investigation. Al­
though the in i t ia l  concentrations were d iffe ren t, the concentrations at the 
end of the aerobic nixing period were within the range of fro m 5.2 to 7.4 mi l -  
lig ra ms per l i te r .  In general, there was re la tive ly  l i t t l e  variation in the 
potassium concentrations during the anaerobic nixing period.
Figure 113: Comparison Of Potassium Concentrations In Slurry Wastewaters
Prepared With  South Bel Air Coal And Various Water 
Sources At 50 Percent Solids In A Sequential 
Aerobic-Anaerobic Environment.
S ilica
Aerobic. Figure 114 shows the s ilic a  concentrations as a function of 
tine for 40 and 50 percent solids s lu rries . These data were developed with
Wyodak coal and d is ti lle d  water. The data for both the 40 and 50 percent sol­
ids s lu rries increased with increasing detention tine . The average concentra­
tions were 8.4, 9.3 and 18.9 mi l l ig r a ms per l i te r  for 40, 50 and 60 percent
solids s lu rries , respectively. The data are expressed as s ilicon  dioxide. 
Although the average concentrations increased as a function of s lurry solids 
level, these increases were clearly not linear.
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Figure 114: Comparison Of S ilica  Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 40 
And 50 Percent Solids In An Aerobic Environment.
A comparison of the s ilic a  data at two mixing speeds is  shown on Figure 
115. The s ilic a  concentrations in the slurry wastewater at the higher mixing 
speed were s lig h tly  greater than those at the lower mixing speed. A clear 
trend for increasing differences in concentrations as a function of increasing 
detention time was exhibited by the data.
Figure 116 shows the s ilic a  concentrations prepared with South Bel Air 
coal and d is t i l le d  water in 30 and 40 percent solids s lu rries . The average 
concentrations were 7.0 and 8.3 milligrams per l i t e r ,  respectively, fo r the 30 
and 40 percent solids s lu rries , respectively. S ilica  in the 50 percent solids 
s lurry averaged 12.3 milligrams per l i t e r .
Although the general trend for the 30 and 40 percent solids s lu rries  was 
for increasing s il ic a  concentrations as a function of time, the rate of in -
1.51
Figure 115: Comparison Of S ilica  Concentrations In Slurry Wastewaters 
Prepared With  Wyodak Coal And D is tille d  Water At 50 
Percent Solids In An Aerobic Environment At Two 
Mixing Speeds.
Figure 116: Comparison Of S ilica  Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal And D is tille d  Water At 
30 And 40 Percent Solids In An Aerobic Environment.
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crease was less pronounced than for s lurry wastewaters prepared with the Wyo­
dak coal. This relationship is shown on Figure 117 for the 40 percent solids 
data. The average concentrations were 8.4 and 8.3 milligrams per l i t e r ,  re­
spectively, for s lurry wastewaters prepared with Wyodak and South Bel Air 
coals. Although the average concentrations were nearly the sane, the s ilic a  
concentrations at the end of the s ix ty  hour detention period were s ig n if i­
cantly d iffe ren t.
Figure 118 shows the s ilic a  data for an eleven day experimental run in ­
volving both Wyodak and South Bel Air coals in s lu rries  formed with d is t i l le d  
water. Slurry solids concentrations were 40 percent for both coals. The av­
erage concentrations were 2.8 and 3.6 Milligrams per l i t e r  for the Wyodak and 
South Bel Air coals, respectively.
T im e ,  hou rs
Figure 117: Comparison Of S ilica  Concentrations In Slurry Wastewaters 
Prepared With South Bel Air And Wyodak Coals, And 
D is tille d  Water At 40 Percent Solids In An 
Aerobic Environment.
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T i me ,  d a y s
F ig u re  118: Comparison Of S ilica  Concentrations In Slurry Wastewaters 
Prepared With Wyodak And South Bel Air Coals, And 
D is tille d  Water At 40 Percent Solids In An 
Aerobic Environment For An Eleven 
Day Investigation.
Anaerobic. A comparison of s il ic a  concentrations in s lurry wastewaters 
prepared with Wyodak and South Bel A ir coals is shown on Figure 119. The data 
were developed with 40 percent solids s lu rries . S ilica  is reported as s ilicon  
dioxide.
Aerobic-Anaerobic. A comparison of the s il ic a  concentrations in fo rty  
percent solids s lurries prepared with Wyodak coal and d is t i l le d  water under 
aerobic and anaerobic environments is shown on Figure 120. Some varia tion in 
the s ilic a  concentrations were observed between the aerobic and anaerobic 
data. However, the differences in concentrations were not large. The data 
developed with the anaerobic environment were greater than that developed with 
the aerobic environment. The average concentrations were 2.8 and 3.2 milligrams 
 per l i t e r  for the aerobic and anaerobic data, respectively.
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Figure 119: Comparison Of S ilica  Concentrations In Slurry Wastewaters 
Prepared With South BeI  Ai r  And Wyodak Coals,  And 
D is tille d  Water At 40 Percent Solids In An 
Anaerobic Environment For An Eleven 
Day Investigation.
Figure 1 2 0 : Comparison Of S ilica  Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 40 
Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
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Figure 121 provides a comparison of the s ilica  concentrations in slurry 
wastewaters prepared with South Sel Air coal and d is tille d  water in aerobic 
and anaerobic environments. Forty percent solids slurries were used to de­
velop these data. As shown by the figure, only nominal differences in concen­
trations were evident from the data. The average concentrations were 3.6 and 
3.8 milligrams per l i te r ,  respectively, for the aerobic and anaerobic data.
T i m e ,  d a y s
Figure 121:  Comparison Of S ilica Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal And D is tilled  Water 
At 40 Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
Sequential Aerobic-Anaerobic. Figure 122 shows s ilic a  as a function of 
detention time for South Bel Air coal and four water sources. The slurry 
wastewaters were prepared using SO percent solids s lurries in a sequential ae­
robic-anaerobic environment. As shown by the figure, the s ilica  concentra-
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tions fo r the tap water and secondary-treated municipal wastewater were nearly 
identica l throughout the investigation. The tap water and secondary-treated
Municipal wastewater were fro m the same community. The s il ic a  concentrations 
in s lu rry  wastewaters prepared with the two well waters were c learly water 
source specific .
Figure 122: Comparison Of S ilica  Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And Various Water 
Sources At 50 Percent Solids In A Sequential 
Aerobic-Anaerobic Environment.
Sodiu m
Aerobic. Figure 123 shows the sodium concentrations in s lu rry  wastewa­
ters produced with 40, SO and 60 percent solids Wyodak coal and d is t i l le d  
water. In general, the concentrations at the end of the s ixty hour period 
were very close to the in i t ia l  concentrations fo r a l l three solids levels. 
However, s ligh t variations occurred during the test period, p a rticu la rly  for 
the 40 percent solids data. The average concentrations were 31, 38 and 46
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mil l ig r a ms per l i t e r ,  respectively, fo r the 40, 50 and 60 percent solids s lu r­
ries . These concentrations were very close to the calculated theoretical val­
ues fo r the 50 and 60 percent solids s lu rries . Based on the measured 40 and 
50 percent solids concentrations, the linear calculated values were 39 and 46 
milligrams per l i t e r ,  respectively, fo r the 50 and 60 percent solids s lu rrie s .
Figure 123: Comparison Of Sodium Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 40,
50 And 60 Percent Solids In An Aerobic Environment.
Comparisons of the sodium concentrations in s lu rry wastewaters prepared 
with  Wyodak coal and d is t i l le d  water at two nixing speeds are shown on Figure 
124. The general trend fo r the sodium data at the higher nixing speed was 
s im ilar to that fo r several other parameters. That is , a tendency for in ­
creasing sodium concentrations as a function of detention tine was c learly  ev­
ident. The data were developed with  50 percent solids s lu rries . The average 
concentrations were 38 and 41 milligrams per l i t e r ,  respectively, fo r the 
lower and higher nixing speeds.
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Figure 124: Comparison Of Sodium Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 50 
Percent Solids With Two Mixing Speeds In An 
Aerobic Environment.
Figure 125 presents a comparison of the sodium concentrations in slurry 
wastewaters prepared with South Bel A ir coal and d is t i l le d  water. S lurries 
were prepared with 30, 40 and 50 percent solids. As expected, the sodium con­
centrations increased with increasing solids levels. The average 
concentrations were 24,    30 and 41 milligrams per l i t e r  fo r the 30, 40 and 50
percent s o lid s ’ s lu rr ie s , respectively. These concentrations were approximately 
 linear with respect to the solids levels used in the study. Calculated 
values based on the 30 and 40 percent solids concentrations were 32 and 38 
milligrams per l i t e r  fo r the 40 and 50 percent solids s lu rr ie s , respectively. 
Based on the 30 percent solids s lu rry concentration, the calculated values 
were 32 and 40 milligrams per l i t e r  fo r the 40 and 50 percent solids s lu rries , 
respectively. S light tendencies fo r decreasing sodium concentrations as a 
function of detention tine  were indicated fo r the 40 and 50 percent solids
s lu rries  whereas the 30 percent solids s lu rries  indicated a s lig h t tendency 
fo r increasing sodium concentrations as a function of detention tin e .
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Figure 125: Comparison Of Sodium Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal And D is tille d  Water 
At 30, 40 and 50 Percent Solids Levels In An 
Aerobic Environment.
A comparison of the sodium concentrations in s lu rry wastewaters prepared 
with Wyodak and South Bel Air coals and d is t i l le d  water over an eleven day pe­
riod is shown on Figure 126. The data were developed using 40 percent solids
s lu rr ie s . The average concentrations were 122 and 82 milligrams per l i t e r ,  
respectively, fo r s lu rries  prepared with Wyodak and South Bel A ir coals. 
These concentrations were s ig n ifica n tly  higher than those resulting from the 
s ix ty  hour tests and il lu s tra te  the variations which can occur w ithin the same 
coal mine. Coal samples used for the s ix ty  hour and eleven day investigations 
were obtained at d iffe ren t times.
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Figure 126: Comparison Of Sodium Concentrations In Slurry Wastewaters 
Prepared With South Bel A ir And Wyodak Coals, And 
D is tille d  Water At 40 Percent Solids In An 
Aerobic Environment For An Eleven Day 
Investigation.
Anaerobic. Figure 127 presents a comparison of the sodium concentrations 
in s lu rry  wastewaters prepared with South Bel Air and Wyodak coals at 40 per­
cent solids. The average concentrations were 124 and 91 milligrams per l i t e r ,  
respectively, fo r the Wyodak and South Bel Air coals.
A comparison of the sodium concentrations in s lu rry  wastewaters prepared 
with aerobic and anaerobic environments is shown on Figure 128. These data 
were developed using Wyodak coal and d is t i l le d  water using 40 percent solids 
s lu rr ie s . As shown by th is  figu re , there were only nominal differences be­
tween the aerobic and anaerobic data. The average concentrations were 122 and 
124 milligrams per l i t e r ,  respectively, fo r the aerobic and anaerobic data.
Figure 129 presents a comparison of the sodium concentrations in s lu rry  
wastewaters prepared with South Bel A ir coal and d is t i l le d  water in aerobic
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Figure 127: Comparison Of Sodium Concentrations In Slurry Wastewaters 
Prepared With South Bel Air And Wyodak Coals At 40 
Percent Solids In An Anaerobic Environment For An 
Eleven Day Detention Period.
T im e,  days
Figure 128: Comparison Of Sodium Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 40 
Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
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and anaerobic environments. Forty percent solids s lu rries  were used fo r these 
tests . The average concentrations were 82 and 91 milligrams per l i t e r  fo r the 
aerobic and anaerobic data, respectively. The sodium concentrations were 
nearly identica l at the end of the eleven day detention period. The general
tendencies fo r both the aerobic and anaerobic data were fo r decreasing concen­
tra tions as a d irect function of detention time.
Figure 129: Comparison Of Sodium Concentrations In Slurry Wastewaters 
Prepared With South Bel A ir Coal And D is tille d  Water 
At 40 Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
Sequential aerobic-anaerobic. The sodium data developed using four water 
sources in a sequential aerobic-anaerobic experiment are shown on Figure 130. 
These data were developed by mixing the s lu rry fo r th ir ty  hours in an aerobic 
environment followed by mixing in an anaerobic environment fo r the remainder 
of the detention time fo r that pa rticu la r sample. Water sources used included
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tap water, two well waters and secondary-treated Municipal wastewater. As 
shown by the figu re , the sodium concentrations remained about the same 
throughout the anaerobic portion of the experimental run. However, s ig n if i­
cant migration of the sodium concentrations occurred in the aerobic portion of 
the investigation. South Bel Air coal at 50 percent solids was used in the 
development of the data.
Figure 130: Comparison Of Sodium Concentrations In Slurry Wastewaters 
Prepared With South Bel A ir Coal And Various Water 
Sources At 50 Percent Solids In A Sequential 
Aerobic-Anaerobic Environment.
Solids
Aerobic. Figure 131 shows the dissolved solids data fo r s lu rry  wastewa­
ters prepared with Wyodak coal and d is t i l le d  water. The 60 percent solids 
s lu rries  indicated a tendency fo r increasing solids concentrations as a func-
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t i o n  o f  d e te n t io n  t i me. The s o l id s  c o n c e n tra t io n s  in  the  50 pe rcen t s l u r r i e s  
tended to  remain about the  same th ro ugho u t the s i x t y  hour in v e s t ig a t io n .  The 
40 pe rcen t s o l id s  s lu r r y  data showed a tendency to  in c rease  f o r  a p e r io d  o f  
t i n e  fo l lo w e d  by a decreas ing  tendency f o r  the r e ma inde r  o f  the  s tu d y .  The 
average c o n c e n tra t io n s  were 725, 980 and 1,460 mi l l i g r a n s  per l i t e r ,  respec­
t i v e l y ,  f o r  the 40, 50 and 60 pe rcen t s o l id s  s l u r r i e s .
T i me ,  h o u r s
F igu re  131 Comparison Of D isso lved  S o l id s  C o ncen tra t ions  In  S lu r r y  
Wastewaters Prepared With Wyodak Coal And D i s t i l l e d  
Water At 40, 50 and 60 Percent S o l id s  In  An 
Aerob ic Environm ent.
Comparisons o f  d is s o lv e d  s o l id s  c o n c e n tra t io n s  in  s lu r r y  wastewaters p re ­
pared w i th  South Bel A i r  coal and d i s t i l l e d  water are shown on F igu re  132. 
The average c o n c e n tra t io n s  were 440, 540 and 970 m i l l ig ra m s  per l i t e r ,  respec­
t i v e l y ,  f o r  the 30, 40 and 50 pe rcen t s o l id s  s l u r r i e s .  A lthough the  d is s o lv e d  
s o l id s  increased w i th  in c re a s in g  s lu r r y  s o l id s  c o n c e n tra t io n s ,  these increases 
were not u n i fo rm . That i s ,  the average d is s o lv e d  s o l id s  c o n c e n tra t io n  in  the  
40 percen t s o l id s  s lu r r y  was about 23 percen t g re a te r  than the  c o n c e n tra t io n
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in the 30 percent solids slurry whereas the average dissolved solids concen­
tra tio n  in the 50 percent slurry was about 80 percent greater than the average 
concentration in the 40 percent s lu rry .
Figure 132 Comparison Of Dissolved Solids Concentrations In Slurry 
Wastewaters Prepared With South Bel Air Coal And 
D is tille d  Water At 30, 40 And 50 Percent 
Solids In An Aerobic Environment.
Figure 133 shows the dissolved solids concentrations in s lu rry  wastewa­
ters prepared with Wyodak and South Bel A ir coals in 50 percent solids s lu r­
ries . The average concentrations were 980 and 970 milligrams per l i t e r ,  re­
spectively, for s lu rries  prepared with Wyodak and South Bel A ir coals. Very 
l i t t l e  variation was observed in the Wyodak data. A generally decreasing 
trend as a function of time was evident fo r the South Bel Air coal s lu rries .
A sim ilar comparison of dissolved solids data in s lu rry wastewaters pre­
pared with the two coals and d is t i l le d  water at 40 percent solids is  shown on 
Figure 134 The average concentrations were 725 and 540 milligrams per l i t e r  
for the s lurry wastewaters prepared with Wyodak and South Bel A ir coal, re­
spectively. In s lu rry wastewaters prepared with both coals, the general trend
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F igu re  1 3 3 : Comparison Of D isso lve d  S o l id s  C o ncen tra t ions  In  S lu r r y  
Wastewaters Prepared With Wyodak And South Bel A i r  
C oa ls , And D i s t i l l e d  Water At 50 Percen t S o l id s  
In  An Aerob ic  E n v i r o n m e n t .
was f o r  an i n i t i a l  in c rea se  in  c o n c e n t ra t io n  fo l lo w e d  by decreas ing  conce n tra ­
t io n s  f o r  the  remainder o f  the in v e s t ig a t io n .
F igu re  135 shows a comparison o f  the  d is s o lv e d  s o l id s  data a t  two n ix in g  
speeds. As shown by the f i g u r e ,  the genera l t re n d  f o r  the  h ig h e r  n ix in g  speed 
data was f o r  in c re a s in g  c o n c e n tra t io n s  as a fu n c t io n  o f  t i n e  as compared w ith  
a tendency f o r  s l i g h t l y  decreas ing  d is s o lv e d  s o l id s  c o n c e n tra t io n s  as a fu n c ­
t i o n  o f  t i n e  f o r  the lower n ix in g  speed d a ta .  The average c o n c e n tra t io n s  were 
540 and 620 m i l l ig ra m s  per l i t e r ,  r e s p e c t iv e ly ,  f o r  the lower and h ig h e r  n i x ­
ing  speeds. South Bel A i r  coa l a t  40 pe rcen t s o l id s  and d i s t i l l e d  water were 
used in  the  development o f  these da ta .
F igu re  136 shows the d is s o lv e d  s o l id s  data  f o r  an e leven day 
in v e s t i g a t io n .  The average c o n c e n tra t io n s  were 1,370 and 1,115 m i l l ig ra m s  per
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T i m e ,  h o u r s
Figure 134:  Comparison Of Dissolved Solids Concentrations In Slurry 
Wastewaters Prepared With Wyodak And South Bel A ir 
Coals, And D is tille d  Water At 40 Percent Solids 
In An Aerobic Environment.
Figure 135: Comparison Of Dissolved Solids Concentrations In Slurry 
Wastewaters Prepared With D is tille d  Water And South 
Bel Air Coal At 40 Percent Solids With Two Nixing 
Speeds In An Aerobic Environment.
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l i t e r ,  r e s p e c t iv e ly ,  f o r  s lu r r y  wastewaters prepared w i th  Wyodak and South Bel 
A i r  c o a ls .  F o r ty  pe rcen t s o l id s  s l u r r i e s  were used in  the development o f  
these da ta .
F ig u re  136: Comparison Of D isso lved  S o l id s  C o n ce n tra t io n s  In  S lu r r y  
Wastewaters Prepared W ith Wyodak And South Bel A i r  
Coals , And D i s t i l l e d  Water At 40 Percent S o l id s  
In  An Aerob ic Environment For An Eleven 
Day I n v e s t ig a t io n .
Anaerob ic . A comparison o f  the d is s o lv e d  s o l id s  c o n c e n tra t io n s  in  s lu r r y  
wastewaters prepared in  an anaerob ic  environment is  shown on F igu re  137 . The 
average c o n c e n tra t io n s  were 1,380 and 1,460 m i l l ig ra m s  per l i t e r ,  respec­
t i v e l y ,  f o r  s lu r r y  wastewaters prepared w i th  Wyodak and South Bel A i r  c o a ls .  
D i s t i l l e d  water was used to  form the  40 pe rcen t s o l id s  s l u r r i e s .
Ae r o b i c - Anaerob i c . A comparison o f  d is s o lv e d  s o l id s  c o n c e n tra t io n s  in
s lu r r y  wastewaters prepared in  ae rob ic  and anaerobic environments i s  shown on 
F igu re  138. As shown by the  f i g u r e ,  o n ly  nominal d i f fe re n c e s  in  d is s o lv e d  
s o l id s  were apparent th rough  most o f  the  in v e s t ig a t io n .  A lthough the  data 
were v a r ia b le ,  the  genera l t re n d  was f o r  decreas ing  d is s o lv e d  s o l id s  concen-
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T im e,  days
Figure 137 : Comparison Of Dissolved Solids Concentrations In Slurry 
Wastewaters Prepared With Wyodak And South Bel A ir 
Coals, And D is tille d  Water At 40 Percent Solids 
In An Anaerobic Environment For An Eleven 
D a y  Investigation.
T im e ,  days
Figure 138: Comparison Of Dissolved Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 40 
Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
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t r a t i o n s  w i th  in c re a s in g  d e te n t io n  t i n e .  Wyodak coa l a t  40 pe rcen t s o l id s  and 
d i s t i l l e d  water were used to  develop these da ta .
A s im i l a r  comparison o f  d is s o lv e d  s o l id s  c o n c e n tra t io n s  in  s lu r r y  waste­
waters prepared w i th  South Bel A i r  coa l and d i s t i l l e d  water i s  shown on F igu re  
139 . F o r ty  percen t s o l id s  s l u r r i e s  were used. As shown by the  f i g u r e ,  the 
d is s o lv e d  s o l id s  data were q u i te  v a r ia b le  f o r  both th e  aerob ic  and anaerob ic  
s lu r r y  wastewaters. The anaerobic data were c o n s is te n t l y  g re a te r  than the  
ae rob ic  data f o r  the la s t  n ine  days o f  the  in v e s t ig a t io n .
T i me,  days
F ig u re  139: Comparison Of D isso lved  S o l id s  C o ncen tra t ions  In  S lu r r y  
Wastewaters Prepared With South Bel A i r  Coal And 
D i s t i l l e d  Water At 40 Percent S o l id s  In  
Aerobic And Anaerobic E n v iro n ments  
For An Eleven Day I n v e s t ig a t io n .
Sequential Aerobic-Anaerobic. F igu re  140 shows the d is s o lv e d  s o l id s  con­
c e n t ra t io n s  in  s e q u e n t ia l  a e rob ic -anae rob ic  in v e s t ig a t io n s  in v o lv in g  tap
171
water, two well waters, and secondary-treated Municipal wastewater. The aver­
age concentrations during the anaerobic phase of the investigations were 
1,550, 1,150, 1,230 and 1,120 milligrams per l i t e r ,  respectively, fo r s lurry 
wastewaters prepared with tap water, well water number one, well water number 
two and secondary-treated Municipal wastewater.
Figure 140: Comparison Of Dissolved Solids Concentrations In Slurry 
Wastewaters Prepared With South Bel A ir Coal And 
Various Water Sources At 50 Percent Solids In 
A Sequential Aerobic-Anaerobic 
Environnent.
Specific Conductance
Aerobic. Figure 141 shows the specific conductance values in s lurry 
wastewaters prepared with South Bel A ir coal and d is t i l le d  water. As shown by 
the figures, the general trends fo r the 30, 40 and 50 percent solids s lu rries  
were s im ila r. The tendency was for the specific conductance to remain about 
the some for the s ixty hour detention period. The average values fo r the 30,
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40 and 50 percen t s o l id s  s lu r r i e s  were 735, 875 and 1,570 micromhos pe r cen­
t im e te r .  The average d is s o lv e d  s o l id s  to  s p e c i f i c  conductance r a t i o s  were 
0 .71 , 0.62 and 0.62 f o r  the 30, 40 and 50 percen t s o l id s  s l u r r i e s ,  respec­
t i v e l y .  The s p e c i f i c  conductance va lues were c le a r l y  no t a l i n e a r  fu n c t io n  o f 
percen t s o l id s  as the f i n a l  sample in d ic a te d  n e a r ly  i d e n t i c a l  va lues f o r  the  
30 and 40 percen t s o l id s  s lu r r i e s  w i th  the  average s p e c i f i c  conductance o f  the 
50 pe rcen t s lu r r y  about f i f t y  percen t h ig h e r .
F igure  141: Comparison Of S p e c i f ic  Conductance Values In  S lu r r y  Wastewaters 
Prepared With South Bel A i r  Coal And D i s t i l l e d  Water At 30,
40 And 50 Percent S o l id s  In  An Aerob ic  Environm ent.
F igure  142 shows the d isso lve d  s o l id s  to  s p e c i f i c  conductance r a t i o s  f o r  
the 30, 40 and 50 percen t s o l id s  s lu r r i e s  prepared w ith  South Bel A i r  coal
and d i s t i l l e d  water.
The s p e c i f i c  conductance va lues in  eleven day in v e s t ig a t io n s  o f  s lu r r i e s  
prepared w ith  Wyodak and South Bel A i r  coa ls  are shown on F igu re  143. The
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Figure 142: Comparison Of Dissolved Solids To Specific Conductance Ratios 
For Slurry Wastewaters Prepared With South Bel A ir Coal 
And D is tille d  Water At 30, 40 and SO Percent Solids 
In An Aerobic Environment.
specific conductance of the Wyodak wastewater tended to increase s lig h tly  with 
increasing detention time. The data for the South Bel A ir coal were much less 
consistent with an increasing trend evident during the f i r s t  two days followed 
by decreasing values fo r the remainder of the investigation. D is tille d  water 
and the two coals at 40 percent solids were used to form the s lu rries .
Anaerobic. Figure 144 shows the specific conductance values in slurry 
wastewaters prepared with South Bel A ir and Wyodak coals with d is t i l le d  water 
used as the slurry media. Slurry solids concentrations were 40 percent.
Aerobic-Anaerobic. Figure 145 provides a comparison of the specific con­
ductance values in slurry wastewaters prepared with Wyodak coal and d is t i l le d
F igure  143: Comparison Of S p e c i f ic  Conductance Values In  S lu r r y  Wastewaters 
Prepared With D i s t i l l e d  Water, And Wyodak And South Bel A i r  
Coals At 40 Percent S o l id s  In  An Aerob ic  Environment 
For An Eleven Day I n v e s t ig a t io n .
T i me ,  days
F igu re  14: Comparison Of S p e c i f ic  Conductance Values In  S lu r ry  Wastewaters
Prepared With D i s t i l l e d  Water, And Wyodak And South Bel A i r  
Coals At 40 Percent S o l id s  In  An Anaerobic Environment 
For An Eleven Day I n v e s t ig a t io n .
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water in aerobic and anaerobic environments. As shown by the figu re , the 
aerobic and anaerobic specific conductance values were very close. The trends 
were consistent for both sets of data. The average values were 2,220 and 
2,170 micromhos per centimeter, respectively, fo r the aerobic and anaerobic 
data.
Figure 145: Comparison Of Specific Conductance Values In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 40 Percent 
Solids In Aerobic And Anaerobic Environments 
For An Eleven Day Investigation.
A sim ilar comparison of specific conductance values in s lu rry wastewaters 
prepared with South Bel Air coal and d is t i l le d  water is shown on Figure 146. 
The average specific conductance values were 1,770 and 2,240 micromhos per 
entimeter for the aerobic and anaerobic data, respectively. For both envi­
ronments, the general tendency was for in i t ia l ly  increasing specific conduc­
tance values followed by decreasing trends fo r the remainder of the investiga­
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T i m e ,  d a y s
Figure 146: Comparison Of Specific Conductance Values In Slurry Wastewaters 
Prepared With South Bel Air Coal And D is tille d  Water At 40 
Percent Solids In Aerobic And Anaerobic Environments 
For An Eleven Day Investigation.
Sequential Aerobic-Anaerobic. Figure 147 shows the specific conductance 
values fo r s lurry wastewaters prepared with South Bel Air coal at 50 percent 
solids concentrations with four water sources. As shown by the figu re , the 
specific conductance values for s lu rry wastewaters prepared with three of the 
four waters were within the same general range. The specific conductance val­
ues for the tap water were consistently higher than for the others through
Most of the anaerobic portion of the investigation. However, the specific 
conductance value in the fin a l sample was in the sane general range of the 
other data.
Sulfate
Aerobic . Figure 148 shows the sulfate concentrations in s lu rry wastewa­
ters prepared with Wyodak coal and d is t i l le d  water. Solids levels of 40, 50
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T i m e ,  d a y s
Figure 147: Comparison Of Specific Conductance Values In Slurry Wastewaters 
Prepared With South Bel Air Coal And Various Water Sources 
In A Sequential Aerobic-Anaerobic Environment.
and 60 percent were used in the development of these data. As shown by th is  
figure, the sulfate concentrations in the 40 and 50 percent s lu rries  remained 
nearly the same throughout the s ix ty  hour investigation. Somewhat more varia­
tion was indicated by the data fo r the 60 percent solids s lu rry . The average 
sulfate concentrations fo r the 40 and 50 percent solids s lu rries  were 360 and 
480 milligrams per l i t e r ,  respectively. Sulfate in the 60 percent solids 
s lu rries showed a clear tendency fo r increasing concentrations as a function 
of detention time.
The sulfate concentrations in s lu rry wastewaters prepared with South Bel 
Air coal and d is t i l le d  water are shown on Figure 149. These curves represent 
30 and 40 percent solids s lu rries . A s ligh t tendency fo r increasing sulfate 










figure 148: Sulfate Concentrations In Slurry Wastewaters Prepared With
Wyodak Coal And D is tille d  Water At 40, SO And 60 
Percent Solids In An Aerobic Environment.
Figure 149: Sulfate Concentrations In Slurry Wastewaters Prepared With 
South Bel Air Coal And D is tille d  Water At 30 And 40 
Percent Solids In An Aerobic Environment.
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The average concentrations in the 30 and 40 percent solids s lu rries  were 215 
and 265 Milligrams per l i t e r ,  respectively. Sulfate concentrations were 
clearly not linear as a function of solids levels.
Figure 150 shows a comparison of the sulfate concentrations in s lu rry 
wastewaters prepared with d is t i l le d  water and the two coals. The curves rep­
resent 40 percent solids s lu rries . As shown by the figu re , the su lfa te  con­
centrations fo r the Wyodak s lu rries  were s ig n ifica n tly  higher than fo r the 
South Bel Air s lu rr ie s . A s ligh t tendency for increasing concentrations as a 
function of detention t i me was indicated by the data.
Figure 150: Comparison Of Sulfate Concentrations In Slurry Wastewaters 
Prepared With  D is tille d  Water, And Wyodak And South Bel 
A ir Coals At 40 Percent Solids In An Aerobic 
Environment.
Comparisons of the sulfate concentrations in s lu rry  wastewaters prepared 
with South Bel Air coal and d is t i l le d  water at two nixing speeds are shown on
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Figure 151. These data represent the 40 percent solids s lu rr ie s . As shown by 
the figu re , the higher nixing speed produced s lig h tly  higher sulfate concen­
tra tions in the s lu rry  wastewater.
Figure 151: Comparison Of Sulfate Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 40 
Percent Solids In An Aerobic Environment.
Figure 152 provides a s im ilar comparison of the sulfate concentrations in 
s lurry wastewaters prepared with 30 percent solids. As with the 40 percent 
solids data, the general trend was fo r increasing concentrations as a function 
of tin e . Wyodak coal and d is t i l le d  water were used to form the s lu rry . The 
difference in sulfate concentration between the lower and higher mixing speeds 
showed a tendency to increase as a function of increasing detention tine .
A comparison of the sulfate concentrations in s lu rry wastewaters over an 
eleven day period is shown on Figure 153. As shown by th is  figure, the su l­
fate concentrations in the slurry wastewater prepared with Wyodak coal were 
s ig n ifica n tly  greater thean those in the wastewaters prepared with South Bel
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Figure 152s Comparison Of Sulfate Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 30 
Percent Solids In An Aerobic Environnent.
Air coal. The average concentrations were 865 and 550 mi l l ig r a ms per l i t e r ,  
respectively,  for the Wyodak and South Bel Air coals.
Figure 153s Comparison Of Sulfate Concentrations In Slurry Wastewaters 
Prepared With Wyodak And South Bel A ir Coals, And 
D is tille d  Water At 40 Percent Solids In An 
Aerobic Environment For An Eleven Day 
Investigation.
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Anaerobic. Figure 154 shows the sulfate concentrations in s lu rry waste- 
waters prepared with an anaerobic environment fo r an eleven day period. The 
average concentrations were 840 and 755 mi l l ig r a ms per l i t e r  in s lurry waste- 
waters prepared with Wyodak and South Bel Air coals, respectively.
T i m e ,  d a y s
Figure 154: Comparison Of Sulfate Concentrations In Slurry Wastewaters 
Prepared With Wyodak And South Bel Air Coals, And 
D is tille d  Water At 40 Percent Solids In An 
Anaerobic Environment For An Eleven Day 
Investigation.
Aerobic-Anaerobic. Figure 155 provides a comparison of the sulfate 
concentrations in s lu rry wastewaters prepared with Wyodak and South Bel Air 
coals and d is t i l le d  water. As shown by th is  figure , the sulfate concentra­
tions were consistent through nost of the investigation. The average concen­
tra tions were 865 and 840 milligrams per l i t e r ,  respectively, fo r slurry 
wastewaters prepared in aerobic and anaerobic environments. Wyodak coal and 
d is t i l le d  water were used to torn the s lu rry .
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Figure 155: Comparison Of Sulfate Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water In Aerobic 
And Anaerobic Environments For An Eleven Day 
Investigation.
A sim ilar comparison of sulfate concentrations in s lu rry  wastewaters prepared 
with South Del Air coal and d is t i l le d  water is  shown on Figure 156. These 
data were s ig n ifica n tly  d iffe ren t fro m that developed with the Wyodak coal in 
two respects. F irs t, the average sulfate concentration in the wastewater de­
veloped in the aerobic environment was less than the average fo r the anaerobic 
environment. The average concentrations in the wastewaters were 552 and 756 
milligrams per l i t e r ,  respectively, fo r the aerobic and anaerobic data. Sec­
ond, the aerobic sulfate data fo r the South Bel A ir coal was less than the 
anaerobic data during the period from the f i f t h  to the tenth day, whereas the 
aerobic Wyodak data exceeded the anaerobic data fo r th is  period.
Sequential Aerobic-Anaerobic. A comparison of sulfate concentrations in
slurry wastewaters prepared with South Bel Air coal and several water sources 
at 50 percent solids is  shown on Figure 157 ·  Slurry wastewaters prepared with 
the two well waters and municipal wastewater were approximately the same
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Figure 156: Comparison Of Sulfate Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal And D is tille d  Water At 
40 Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
throughout the study. The s lu rry wastewater prepared with the tap water was 
s ig n ifica n tly  higher in sulfate than the other slurry wastewaters u n til the 
end of the investigation.
T itan ium
Aerobic . The average t ita n iu m concentrations in s lurry wastewaters pre­
pared with Wyodak coal and d is t i l le d  water were 0.56, 0.78 and 0.92 milligrams 
per l i t e r  for 40, 50 and 60 percent solids s lu rries , respectively. Figure 158 
shows the titanium concentrations as a function of tine fo r the d is t i l le d  
water and Wyodak coal s lu rr ie s . As indicated by the figu re , the general trend
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Figure 1 5 7 : Comparison Of Sulfate Concentrations In Slurry Wastewaters 
Prepared With South Bel A ir Coal And Various Water 
Sources At SO Percent Solids In A Sequential 
Aerobic-Anaerobic Environment.
fo r the 40 percent solids data was fo r increasing concentrations with increas­
ing detention tine . The 50 percent solids data remained re la tive ly  constant
throughout the s ixty hour detention period. The titanium concentrations were 
approximately linear with percent so lids. Linear values calculated fo r the 50 
and 60 percent solids s lu rries  were 0.70 and 0.94 milligrams per l i t e r  based 
on the measured 40 and 50 percent solids values.
Figure 159 shows the titanium concentrations in s lu rry  wastewaters pre­
pared with South Bel A ir coal and d is t i l le d  water. The average concentrations 
fo r the 30, 40 and 50 percent solids s lu rries  were 0.65, 0.76 and 0.86 mi l l i ­
grans per l i t e r ,  respectively. The general trend fo r a l l  three solids s lu r­
ries was fo r increasing titanium concentrations fo r about the in i t ia l  th ir ty
hours followed by decreasing concentrations fo r the remainder of the in ve s ti­
gation. The measured titanium concentrations were less than the linear calcu-
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Figure I58: Titanium Concentrations As A Function Of T ime In Slurry 
Wastewaters Prepared With D is tille d  Water And Wyodak. 
Coal At 40, 50 and 60 Percent Solids In An 
Aerobic Environment.
Figure 1 5 9 : Titanium Concentrations As A Function Of Tine For Slurry 
Wastewaters Prepared With South Bel Air Coal And 
D is tille d  Water At 30, 40 and 50 Percent 
Solids In An Aerobic Environment.
lated values. The calculated values fo r the 40 and SO percent solids s lu rries  
were 0.87 and 0.95 milligrams per l i t e r  based on the measured 30 and 40 per­
cent solids values.
A comparison of the titanium concentrations in s lu rry wastewaters 
prepared with d is t i l le d  water, and Wyodak and South Bel A ir coals at 40 per­
cent solids is shown on Figure 160. The average titanium concentrations were 
0.56 and 0.76 milligrams per l i t e r ,  respectively, fo r the Wyodak and South Bel 
Air coals.
Figure 160: Comparison Of Titanium Concentrations In Slurry Wastewaters 
Prepared With Wyodak And South Bel A ir Coals, And 
D is tille d  Water At 40 Percent Solids In An 
Aerobic Environment.
Figure 161 shows a s im ila r comparison of 50 percent solids s lu rries . The 
average concentrations were 0.78 and 0.86 milligrams per l i t e r  fo r the Wyodak 
and South Bel Air coals, respectively.
A comparison of titanium concentrations in s lu rry  wastewaters prepared 
with two nixing speeds is  shown on Figure 162. The average concentrations fo r
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Figure 1 6 1 : Comparison Of Titanium Concentrations In Slurry Wastewaters 
Prepared With Wyodak And South Bel A ir Coals, And 
D is tille d  Water At 50 Percent Solids In An 
Aerobic Environment.
the 30 percent s lu rries  were 0.65 and 0.80 milligrams per l i t e r  fo r the Wyodak 
and South Bel Air coals, respectively.
Figure 162: Comparison Of Titanium Concentrations In Slurry Wastewaters
Prepared With South Bel A ir Coal And D is tille d  
Water At 30 Percent Solids With Two Mixing 
Speeds In An Aerobic Environment.
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A sim ila r comparison of titanium concentrations is  shown on Figure 163 
fo r 40 percent solids s lu rr ie s . The average concentrations were 0.76 and 0.78 
milligrams per l i t e r ,  respectively, fo r the Wyodak and South Bel A ir coals.
T im e ,  h o u rs
Figure 163: Comparison Of Titanium Concentrations In Slurry Wastewaters
Prepared With South Bel A ir Coal And D is tille d  
Water At 40 Percent Solids With Two Nixing 
Speeds In An Aerobic Environment.
The 50 percent solids s lu rry data are shown on Figure 164 fo r the two 
nixing speeds. The average concentrations were 0.86 and 0.87 Milligrams per 
l i t e r  fo r the Wyodak and South Bel A ir coals, respectively.
The titanium concentrations in s lu rry  wastewaters prepared with Wyodak 
and South Bel Air coals in eleven day investigations are shown on Figure 165. 
The titanium concentrations in the s lu rry  wastewaters prepared with the South 
Bel A ir coal were s ig n ifica n tly  higher than those resulting from the use of 
the Wyodak coal in the la tte r  one-half of the investigation. The average con­
centrations were 0.62 and 1.18 milligrams per l i t e r ,  respectively, fo r the 
Wyodak and South Bel A ir coals. D is tille d  water was used to fo rm the s lu r­
ries .
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T i m e ,  h o u r s
F igure  164 : Comparison Of T itan ium  C oncen tra t ions  In  S lu r r y  Wastewaters
Prepared With South Bel  A i r  Coal And D i s t i l l e d  
Water At 50 Percent S o lid s  With Two M ix ing 
Speeds In An Aerobic Environment.
T i m e ,  d a y s
F igu re  165: Comparison Of T itan ium  C oncen tra t ions  In  S lu r r y  Wastewaters 
Prepared With D i s t i l l e d  Water, And Wyodak And South Bel 
A i r  Coals At 40 Percent S o l id s  In  An Aerob ic 
Environment For An Eleven Day 
In v e s t ig a t io n .
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Anaerobic. Figure 166 shows a comparison of the titanium concentrations 
in s lu rry wastewaters prepared with Wyodak and South Bel Air coals in an anae­
robic environment. D is tille d  water was used to fo rm the 40 percent solids 
s lu rries . The titanium concentrations were s ig n ifica n tly  higher during most 
of the investigation in the slurry wastewaters prepared with the South Bel Air 
coal than those prepared with the Wyodak coal. The average concentrations 
were 0. 58 and 1.44 milligrams per l i t e r ,  respectively, fo r the Wyodak and 
South Bel Air coal s lu rries .
Figure 166: Comparison Of Titanium Concentrations In Slurry Wastewaters 
Prepared With Wyodak And South Bel A ir Coals, And 
D is tille d  Water At 40 Percent Solids In An 
Anaerobic Environment For An Eleven 
Day Investigation.
Aerobic-Anaerobic Figure 167 shows a comparison of titanium concentra­
tions in slurry wastewaters prepared with Wyodak coal and d is ti lle d  water in 
aerobic and anaerobic environments. As shown by the figure , the data were
somewhat cyc lica l. The average concentrations were 0.62 and 0.58 milligrams 
per l i t e r  fo r the aerobic and anaerobic data, respectively.
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F igu re  167: Comparison Of T i tan ium Concent ra t ions  i n  S lu r r y  Wastewaters 
Prepared With Wyodak Coal And D i s t i l l e d  Water At 40 
Percent S o l id s  In Aerobic And Anaerobic 
Environments For An Eleven Day 
I n v e s t i g a t i o n .
A s i m i l a r  comparison o f  t i t a n i u m  conce n t ra t io n s  i n  s l u r r y  wastewaters 
prepared w i th  South Bel A i r  coal  and d i s t i l l e d  water i s  shown on F igu re  168. 
These data were much more v a r i a b le  than the data developed w i th  Wyodak c o a l .  
The anaerobic  s l u r r i e s  showed a c le a r  tendency f o r  in c re a s in g  c o n c e n t ra t io n s  
w i th  i n c r e a s in g  d e te n t io n  t im e .  Al though more v a r i a b l e ,  the aerob ic  data a lso 
a pp a ren t ly  in d ic a te d  a s i m i l a r  t r e n d .
Sequent i a l  A e rob ic -A na e ro b ic . F igure  169 shows the  t i t a n iu m  concen t ra ­
t i o n s  in  s l u r r y  wastewaters prepared w i th  f o u r  water sources i n  a sequ en t ia l  
ae rob ic -anae rob ic  env i ronment .  Water sources used in c luded  su r face  wa te r ,  two 
w e l l  waters and seconda ry - t rea ted  m un ic ipa l  wastewater .  F i f t y  percen t  s o l i d s  
s l u r r i e s  were used in  the development o f  these da ta .  As shown by the  f i g u r e ,
the t i t a n iu m  c o n c e n t ra t io n s  migrated t o  v i r t u a l l y  the  same le v e l  rega rd les s  o f  
the i n i t i a l  c o n c e n t r a t i o n .  This  l e v e l  was about one m i l l i g r a m  per l i t e r .
193
Figure 168: Comparison Of Titanium Concentrations In Slurry Wastewaters 
Prepared With South Bel A ir Coal And D is tille d  Water At 
40 Percent Solids In Aerobic And Anaerobic 
Environments For An Eleven Day 
Investigation.
Figure 169: Comparison Of Titanium Concentrations la Slurry Wastewaters 
Prepared With  South Bel Air Coal And Various Water 
Sources At 50 Percent Solids In A Sequential 
Aerobic-Anaerobic Environment.
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PHASE I I  RESULTS
The o b je c t iv e  o f  t h i s  phase was to  determ ine the  f e a s i b i l i t y  o f  us ing im­
p a ire d  water as the  s lu r r y  media. Two approaches were used. These were to  
determ ine the  in f lu e n c e  o f  i n f l u e n t  water q u a l i t y  on the  s lu r r y  wastewater 
c h a r a c t e r i s t i c s  and to  determ ine the e f f e c t  o f  the reuse o f  the s lu r r y  waste-
water as s lu r r y  media on the  c h a r a c t e r i s t i c s  o f  the  f i n a l  s lu r r y  wastewater. 
M un ic ipa l and in d u s t r i a l  wastewaters were used as the  s lu r r y  media f o r  the i n ­
v e s t ig a t io n .  These data were compared w i th  the  d i s t i l l e d  water studies t o  de­
te rm ine  the in f lu e n c e  o f  the i n f l u e n t  water q u a l i t y .  Data f o r  the m un ic ipa l 
wastewater s tu d ie s  is  used in  the re p o r t  to  i l l u s t r a t e  the  d i f fe r e n c e s .
For the reuse in v e s t ig a t io n ,  s l u r r i e s  were formed and mixed f o r  the  ap­
p ro p r ia te  p e r io d ,  dewatered and the l i q u i d  ( s lu r r y  wastewater) mixed w ith  
f re s h  c o a l .  This new s lu r r y  was mixed f o r  the des ired  d e te n t io n  p e r io d ,  dewa­
te re d  and analyzed f o r  the  several param eters. Seconda ry-trea ted  m un ic ipa l 
wastewater was used as the i n i t i a l  s lu r r y  media.
A l k a l i n i t y
Aerobic F igure  170 shows comparisons o f  the t o t a l  a l k a l i n i t y  conce n tra ­
t io n s  in  s lu r r y  wastewaters prepared w i th  Wyodak coal and seconda ry -t rea ted  
m un ic ipa l wastewater. S o l id s  c o n c e n tra t io n s  o f  30, 40 and 50 pe rcen t were
used to  develop these da ta . As shown by the f ig u r e ,  the t o t a l  a l k a l i n i t y  con­
c e n t ra t io n s  decreased as a fu n c t io n  o f  d e te n t io n  t im e .  The c o n c e n tra t io n s  a t  
the end o f  the s ix t y - h o u r  in v e s t ig a t io n  were n e a r ly  the  same.
A s im i la r  comparison o f  t o t a l  a l k a l i n i t y  c o n c e n tra t io n s  in  s lu r r y  waste- 
waters prepared w ith  South Bel A i r  coal and s e con da ry - t rea ted  m u n ic ip a l waste-
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Figure 170: Comparison Of Total A lka lin ity  Concentrations In Slurry 
Wastewaters Prepared With Wyodak Coal And Secondary 
Treated Municipal Wastewater At 30, 40 and 50 
Percent Solids In An Aerobic Environment.
water is shown on Figure 171. Th irty, fo rty  and f i f t y  percent solids s lu rries 
were used. As shown by the figure, the to ta l a lk a lin ity  concentrations de­
creased rapidly to less than 10 milligrams per l i t e r  and remained re la tive ly  
constant for the remainder of the investigation.
Figure 172 provides a comparison of the to ta l a lk a lin ity  in s lu rry waste­
waters prepared with the two coals and secondary-treated municipal wastewater. 
The general tendencies were the sane for both coals. The curves represent 40 
percent solids s lu rries .
A sim ilar comparison of to ta l a lk a lin ity  in s lu rry wastewaters prepared 
with 50 percent solids s lu rries is shown on Figure 173. Wyodak and South Bel 
Air coals, and secondary-treated municipal wastewater were used to form the 
s lu rries .
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Figure 171: Comparison Of Total A lka lin ity  Concentrations In Slurry 
Wastewaters Prepared With South Bel Air Coal And 
Secondary-Treated Municipal Wastewater At 
30, 40 and 50 Percent Solids In An 
Aerobic Environment.
Figure 172: Comparison Of Total A lka lin ity  Concentrations In Slurry 
Wastewaters Prepared With Wyodak And South Bel Air 
Coals, And Secondary-Treated Municipal 
Wastewater At 40 Percent Solids In 
An Aerobic Environment.
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Figure 173: Comparison Of Total A lka lin ity  Concentrations In Slurry 
Wastewaters Prepared With Wyodak And South Bel A ir 
Coals, And Secondary-Treated Municipal 
Wastewater At 50 Percent Solids In 
An Aerobic Environment.
Figure 174 shows the to ta l a lk a lin ity  concentrations in s lu rry  wastewa­
ters prepared with d is t i l le d  water and secondary-treated Municipal wastewater. 
Wyodak coal at 40 percent solids was used to develop the data.
The to ta l a lk a lin ity  concentrations in s lu rry wastewaters prepared with 
South Bel Air coal at 50 percent solids are shown on Figure 175 ·  D is tille d  
water and secondary-treated Municipal wastewater were used as the s lu rry Me­
dia.
Figure 176 provides a comparison of to ta l a lk a lin ity  over a ten day de­
tention period. South Bel Air coal at 40 percent solids was used as the coal 
source. D is tille d  water and secondary-treated Municipal wastewater were used 
as the slurry Media.
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Figure 174: Comparison Of Total A lka lin ity  Concentrations In Slurry 
Wastewaters Developed With Wyodak Coal, And 
D is tille d  Water And Secondary-Treated 
Municipal Wastewater At 40 Percent 
Solids In An Aerobic Environment.
Figure 175: Comparison Of Total A lka lin ity  Concentrations In Slurry 
Wastewaters Prepared With South Bel Air Coal, And 
D is tilled  Water And Secondary-Treated 
Municipal Wastewater At 50 Percent 
Solids In An Aerobic Environment.
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Figure 176: Comparison Of Total A lka lin ity  Concentrations In Slurry 
Wastewaters Prepared With South Bel Air Coal, And 
D is tille d  Water And Secondary-Treated 
Municipal Wastewater At 40 Percent 
Solids In An Aerobic Environment 
For A Ten Day Investigation.
Anaerobic. The to ta l a lk a lin ity  in s lu rry  wastewaters prepared in  an 
anaerobic environment is shown on Figure 177. South Bel Air coal at fo rty  
percent solids was used. D is tille d  water and secondary-treated Municipal 
wastewater were used as the s lurry media. The to ta l a lk a lin ity  was greater in 
the secondary-treated municipal wastewater than in the d is t i l le d  water s lu r­
ries.
Aerobic-Anaerobic. The influence of the type of environment to which the 
slurry is exposed is shown on Figure 178. The figure re fle c ts  data developed 
under aerobic and anaerobic environments with South Bel A ir coal and secondar­
y-treated municipal wastewater. The solids concentration used was fo rty  
percent. As shown by the figure , the a lk a lin ity  concentrations were s ig n i f i ­
cantly greater in the anaerobic studies than in the aerobic studies. The av-
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T i m e ,  d a y s
Figure 177:  Comparison Of Total A lka lin ity  Concentrations In Slurry 
Wastewaters Prepared With South Bel Air Coal, And
D i s t i l l e d  Water And Secondary-Treated Municipal 
Wastewater At 40 Percent Solids In An Anaerobic
Environment for  A Ten Day I n v e s t ig a t io n .
Time,  days
Figure 178: Comparison Of Total A lka lin ity  Concentrations In Slurry 
Wastewaters Prepared With South Bel Air Coal And 
Secondary-Treated Municipal Wastewater At 40 
Percent Solids In Aerobic And Anaerobic 
Environments For a Ten Day 
Investigation.
erage conce n t ra t io ns  were 17 and 72 M i l l i g ra m s  per  li t e r , r e s p e c t i v e l y , f o r  the 
aerob ic  and anaerobic s l u r r i e s .
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Aluminum
Aerobic. Figure 179 shows the aluminum concentrations as a function of 
detention time and slurry solids concentration fo r s lu rry  wastewaters prepared 
with Wyodak coal and secondary-treated municipal wastewater. Slurry solids 
concentrations used were 30, 40, and 50 percent. As would be expected, the 
aluminum concentrations increased as the percent slurry solids increased. The 
average concentrations were 0.28, 0.51, and 0.73 milligrams per l i t e r ,  respec­
tiv e ly , for the 30, 40 and 50 percent s lu rries . A general tendency for
increasing aluminum concentrations as a function of time was observed for a ll 
three slurry concentrations.
T i me ,  hou r s
Figure 179: Comparison Of Aluminum Concentrations In Slurry Wastewaters
Prepared With Wyodak Coal And Secondary-Treated 
Municipal Wastewater At 30, 40 And 50 Percent 
Solids In An Aerobic Environment.
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A comparison of the aluminum concentrations in s lu rry wastewaters pre­
pared with Wyodak coal, and d is t i l le d  water and secondary-treated Municipal 
wastewater is shown on Figure 180. As shown by th is  figure , the aluMinuM con­
centrations in the s lu rry wastewaters prepared with d is t i l le d  water were 
s lig h tly  greater than in the s lurry wastewaters prepared with the municipal 
wastewater. S ligh tly  increasing aluminum concentrations as a function of de­
tention t i me were evident from the data. Forty percent solids s lu rries  were 
used to develop these data.
Data for the 50 percent solids s lu rries  prepared with Wyodak coal are 
shown on Figure 181. These exhibited the same general trend as did the 40 
percent solids s lu rries .
Time, hours
Figure 181:  Comparison Of Aluminum Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal, And D is tille d  Water And 
Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Aerobic 
Environment.
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Figure 181: Comparison Of Aluminum Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal, And D is t i lle d  Water And 
Secondary-Treated Municipal Wastewater At 50 
Percent Solids In An Aerobic Environment.
Figure 182 shows the aluminum data fo r s lu rry  wastewaters prepared with 
South Bel Air coal and secondary-treated municipal wastewater. More varia tion 
was observed in these data than in the comparable d is t i l le d  water study. How­
ever, the concentrations were nominal fo r a l l  three s lu rr ie s  with average va l­
ues of 0.29, 0.68, and 1.0 milligrams per l i t e r  fo r the 30, 40, and 50 percent 
solids s lu rr ie s , respectively.
Figure 183 provides a comparison of the aluminum concentrations in the 
s lu rry wastewaters prepared with municipal wastewater and Wyodak and South Bel 
Air coals with 50 percent solids s lu rr ie s . As shown by the figu re , the alumi­
num data fo r the South Bel Air coal were s lig h tly  higher than fo r the Wyodak 
coal.
Comparable curves fo r the 40 percent solids s lu rr ie s  are shown on Figure 
184. The s lu rry  wastewaters prepared with the South Bel A ir coal were also 
s lig h tly  higher than fo r the Wyodak coal. The average values were 0.51 and
20k
Figure 182: Comparison Of Aluminum Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal And Secondary-Treated 
Municipal Wastewater At 30, 40 And 50 Percent 
Solids In An Aerobic Environment.
Figure 183: Comparison Of Aluminum Concentrations In Slurry Wastewaters 
Prepared With South Bel Air And Wyodak Coals, And 
Secondary-Treated Municipal Wastewater At 50 
Percent Solids In An Aerobic Environment.
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Figure 184: Comparison Of Aluminum Concentrations In Slurry Wastewaters 
Prepared With South Bel Air And Wyodak Coals, And 
Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Aerobic Environment.
0.68 milligrams per l i t e r  fo r the Wyodak and South Bel Air coals, respec­
tiv e ly . The averages for the 50 percent solids s lu rries  were 0.73 and 1.0
milligrams per l i t e r ,  respectively, fo r the s lurry wastewaters prepared with 
the Wyodak and South Bel Air coals.
Figure 185 provides a comparison of the aluminum concentrations in s lu rry 
wastewaters prepared with South Bel Air coal and municipal wastewater with 40 
percent solids s lu rries  at two mixing speeds. S ligh tly  higher aluminum con­
centrations were measured in the wastewaters from the s lu rries  mixed at the 
higher speeds. The average concentrations were 0.68 and 0.86 milligrams per 
l i te r .
A s im ilar comparison of aluminum concentrations in s lu rry  wastewaters 
prepared with 50 percent solids s lu rries  is shown on Figure 186. The average 
concentrations were 1.0 and 1.18 milligrams per l i t e r  fo r the lower and higher 
mixing speeds.
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Figure 185: Comparison Of Aluminum Concentrations In Slurry Wastewaters 
Prepared With South Bel A ir Coal And Secondary-Treated 
Municipal Wastewater At 40 Percent Solids With Two 
Mixing Speeds In An Aerobic Environment.
T im e,  hours
Figure 186: Comparison Of Aluminum Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal And Secondary-Treated 
Municipal Wastewater At SO Percent Solids With Two 
Mixing Speeds In An Aerobic Environment.
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Aerobic-Anaerobic Figure 187 provides a comparison of the aluminum con­
centrations in s lu rry wastewaters prepared with South Bel Air coal and second­
ary-treated municipal wastewater in aerobic and anaerobic environments. These
data are for a 40 percent solids s lu rry . As indicated by the figu re , there 
was very l i t t l e  difference in the aluminum concentrations e ither between the 
aerobic and anaerobic data or throughout the ten-day test period.
Figure 187: Comparison Of Aluminum Concentrations In Slurry Wastewaters 
Prepared With South Bel A ir Coal And Secondary-Treated 
Municipal Wastewater At 40 Percent Solids In 
Aerobic And Anaerobic Environments For 
A Ten Day Investigation.
Sequential Aerobic-Anaerobic. A comparison of aluminum concentrations in 
s lu rry wastewaters prepared with several water sources and South Bel A ir coal 
at 50 percent solids is shown on Figure 188. As shown by th is  figu re , the 
aluminum concentrations were w ithin close proximity throughout the length of 
the anaerobic portion of the study.
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Figure 188: Comparison Of Aluminum Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal And Various Water 
Sources At 50 Percent Solids In Sequential 
Aerobic- Anaerobic Environments.
Reuse Of Slurry Wastewater As Slurry Media. Figure 189 shows a compari­
son of aluminum concentrations in once-through and recycled slurry wastewaters 
prepared with South Bel Air coal and municipal wastewater. As shown by th is  
f igure, the aluminum concentrations in the recycled wastewater s lurr ies were 
only s l ig h t ly  higher than those for the once-through municipal wastewater 
s lu rr ies .
Biochemical Oxygen Demand
Studies were conducted using several water sources including municipal 
and industria l wastewater effluents. These studies included the use of both 
aerobic and anaerobic environments.
Aerobic. The five-day biochemical oxygen demand concentrations for 
short-term aerobic studies are shown on Figure 190 for 30, 40 and 50 percent
solids s lu rr ies . As would be expected, the in i t i a l  biochemical oxygen demand 
concentrations increased with increasing solids concentrations. The general
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T i me,  days
Figure 189: Comparison Of Aluminum Concentrations In Once-Through And 
Recycled Slurry Wastewaters Prepared With South Bel 
Air Coal And Municipal Wastewater In An 
Anaerobic Environment.
shapes of the curves were very s im ila r. At the end of the s ixty hour deten­
tion time, the biochemical oxygen demand concentrations were nearly the same. 
These curves represent s lu rries developed with Wyodak. coal and secondary- 
treated municipal wastewater. The average values were 35, 65 and 137 m i l l i ­
grams per l i t e r  fo r the 30, 40 and 50 percent solids s lu rr ie s , respectively.
However, the five-day biochemical oxygen demand concentrations were 13, 8 and
29 milligrams per l i t e r  at the end of the s ixty hour investigation, respec­
t iv e ly , for the 30, 40 and 50 percent solids s lu rries . The background concen­
tra tions in the municipal wastewaters used to form the s lu rries  were 10, 7 and 
12 milligrams per l i t e r  for the 30, 40 and and 50 percent solids s lu rr ie s , re­
spectively.
Figure 191 provides a comparison of the five-day biochemical oxygen de­
mand concentrations in slurry wastewaters mixed at d iffe ren t speeds at 50 per-
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F igu re  1 9 0 : Comparison Of Five-Day B iochemica l  Oxygen Demand C o ncen t ra t ions
In  S l u r r y  Wastewaters Prepared With Wyodak Coal And 
Secondary-Treated M un ic ipa l  Wastewater At 30,
40 And 50 Percent  S o l id s  In  An Aerob ic  
Env ironment .
cent  s o l i d s .  The background f i v e - d a y  b iochem ica l  oxygen demand c o n c e n t r a t i o n  
in  the m un ic ipa l  wastewater  used to  form the s l u r r i e s  was 12 m i l l i g r a m s  per 
l i t e r .  The average c o n c e n t r a t i o n s  were 137 and 156 m i l l i g r a m s  per l i t e r  f o r  
the lower  and h ighe r  m ix ing  speeds. However, the  c o n c e n t r a t i o n s  a t  the end o f  
the s i x t y  hour pe r io d  were 29 and 34 m i l l i g r a m s  per l i t e r  f o r  the  lower  and 
h ig h e r  m ix ing  speeds. As shown by the f i g u r e ,  the genera l  t r e n d  was f o r  de­
c reas in g  c o n c e n t ra t io n s  w i th  in c re a s in g  d e te n t io n  t im e .
F igu re  192 shows the same comparison f o r  40 pe rcen t  s o l i d s  s l u r r i e s .  As 
shown by the f i g u r e ,  the d i f f e r e n c e s  in  f i v e - d a y  b iochem ica l  oxygen demand 
c o n c e n t ra t io n s  were r e l a t i v e l y  smal l  w i th  the s i x t y - h o u r  c o n c e n t r a t i o n s  be ing 
n e a r l y  the same. The background f i v e - d a y  b iochem ica l  oxygen demand c o n c e n t ra ­
t i o n  in  the m un ic ipa l  wastewater used to  form the s l u r r i e s  was 7 m i l l i g r a m s
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F igu re  191 : Comparison o f  F ive-Day B iochemica l  Oxygen Demand C o n c e n t ra t i o n s
In  S l u r r y  Wastewaters Prepared With Wyodak Coal And 
Secondary-Treated M u n ic ipa l  Wastewater At  50 
Percent  S o l id s  With Two M ix in g  Speeds 
In  An Aerob ic  Env ironment .
per l i t e r .  The f i v e - d a y  b iochem ica l  oxygen demand c o n c e n t r a t i o n s  a t  th e  end 
o f  the s i x t y  hour i n v e s t i g a t i o n  were 8 and 15 m i l l i g r a m s  per l i t e r  f o r  the 
lower and h ighe r  m ix ing  speeds. The average c o n c e n t r a t i o n s  were 65 and 74 
m i l l i g r a m s  per l i t e r ,  r e s p e c t i v e l y , f o r  the  lower  and h i g h e r  m ix in g  speeds.
F igu re  193 shows f i v e - d a y  b iochem ica l  oxygen demand c o n c e n t r a t i o n s  as a 
f u n c t i o n  o f  s l u r r y  s o l i d s  l e v e l s  and d e t e n t i o n  t i me f o r  s l u r r y  wastewaters  
prepared w i th  South Bel A i r  coa l  and s e c o n d a r y - t r e a te d  M u n ic ip a l  was tewate r .  
These curves  are s i m i l a r  in  shape to  those developed w i t h  the  Wyodak c o a l .  
A f t e r  about twenty  hou rs ,  t h e re  was ve ry  l i t t l e  d i f f e r e n c e  i n  the  f i v e - d a y  
b iochem ica l  oxygen demand c o n c e n t r a t i o n s .  The f i v e - d a y  b io c h e m ic a l  oxygen de­
mand c o n c e n t r a t i o n s  in  the m u n ic ip a l  wastewaters used to  form the  s l u r r i e s  
were 15, 12 and 13 m i l l i g r a m s  per l i t e r ,  r e s p e c t i v e l y ,  f o r  the 30, 40 and 50 
pe rcen t  s o l i d s  s l u r r i e s .  The c o n c e n t r a t i o n s  i n  the  s l u r r y  wastewaters  a t  the
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F igure  192:  Comparison o f  Five-Day Biochemica l  Oxygen Demand C oncen t ra t ions
In  S lu r r y  Wastewaters Prepared With Wyodak Coal And 
Secondary-Treated M un ic ipa l  Wastewater At 40 
Percent S o l id s  With Two Mix ing Speeds 
In  An Aerob ic  Environment.
Ti m e , h o u r s
F igu re  1 9 3 : Comparison o f  Five-Day Biochemica l  Oxygen Demand C oncen t ra t ions  
In S l u r r y  Wastewaters Prepared With South Bel A i r  Coal 
And Secondary-Treated M un ic ipa l  Wastewater At 
30, 40 and 50 Percent S o l id s  In  An 
Aerob ic Environment.
213
end o f  the s i x t y  hour i n v e s t i g a t i o n  were 7, 9 and 12 m i l l i g ra m s  per l i t e r  f o r
the 30, 40 and 50 percen t  s o l i d s  s l u r r i e s ,  r e s p e c t i v e l y .
F igu re  194 p rov id es  a comparison o f  the  f i v e - d a y  b iochemica l  oxygen de­
mand c o n c e n t ra t io n s  in  s l u r r y  wastewaters prepared w i th  South Bel A i r  and Wyodak 
 c o a l s ,  and secon da ry - t rea ted  mun ic ipa l  wastewater .  These curves rep resen t  
50 pe rcen t  s o l i d s  s l u r r i e s .  As i n d ic a te d  by the f i g u r e ,  the f i v e - d a y  biochem­
i c a l  oxygen demand c o n c e n t ra t io n s  in  the s l u r r y  wastewaters prepared w i th  the 
South Bel A i r  coal  were s u b s t a n t i a l l y  less  than those developed w i th  Wyodak 
c o a l .  The d i f f e r e n c e  in  the background conc e n t ra t io n s  was on ly  one m i l l i g ra m  
per l i t e r .  The f i v e - d a y  biochemica l  oxygen demand conc e n t ra t io n s  i n  the 
s l u r r y  wastewaters a t  the end o f  the s i x t y  hour i n v e s t i g a t i o n  were 29 and 12 
m i l l i g r a m s  per l i t e r ,  r e s p e c t i v e l y ,  f o r  the Wyodak and South Bel A i r  coa l .  
The average c o n c e n t ra t io n s  were 137 and 26 m i l l i g ra m s  per l i t e r  f o r  the  s l u r r y  
wastewaters prepared w i th  Wyodak and South Bel A i r  c o a ls ,  r e s p e c t i v e l y .
T i m e ,  h o u r s
F igu re  194 :  Comparison Of The Five-Day Biochemical  Oxygen Demand 
Concen t ra t ions  In  S lu r r y  Wastewaters Prepared 
With Wyodak And South Bel A i r  Coals ,  And 
Secondary-Treated Mun ic ipa l  
Wastewater At 50 Percent 
S o l id s  In  An Aerob ic 
Environment. 
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The f i v e - d a y  b iochemica l  oxygen demand c o n c e n t ra t io n s  f o r  30, 40 and 50 
percen t  s o l i d s  s l u r r i e s  a t  a high mi x i n g  speed are shown on F igure 195. These 
rep resen t  im p e l le r  speeds o f  400 r e v o lu t i o n s  per min u t e .  Coal and water 
sources were South Bel A i r  coal  and secondary Mun ic ipa l  wastewater .  The 
shapes o f  these curves are very s i m i l a r  to  curves f o r  o the r  coa l  and water 
sources.  Background f i v e - d a y  b iochemica l  oxygen demand c o n c e n t ra t io n s  were 
15, 12 and 13 m i l l i g ra m s  per l i t e r ,  r e s p e c t i v e l y ,  f o r  the 30, 40 and 50 pe r ­
cent s o l i d s  s l u r r i e s .  The average c o n c e n t ra t io n s  were 18, 35 and 35 M i l l i ­
g rams per l i t e r ,  r e s p e c t i v e l y ,  f o r  the 30, 40 and 50 percent  s o l i d s  s l u r r i e s .  
The f i v e - d a y  b iochemica l  oxygen demand c o n c e n t ra t io n s  in  the s l u r r y  wastewa­
t e r s  a t  the end o f  the s i x t y  hour i n v e s t i g a t i o n  were 8, 9 and 17 m i l l i g ra m s  
per l i t e r ,  r e s p e c t i v e l y ,  f o r  the 30, 40 and 50 percen t  s o l i d s  s l u r r i e s .
T i m e ,  h o u r s
Figu re  195 : Comparison Of Five-Day Oxygen Demand Concent ra t ions  In S lu r r y
Wastewaters Prepared With South Bel A i r  Coal And 
Secondary-Treated Mun ic ipa l  Wastewater At 50 
Percent S o l ids  In An Aerob ic Environment.
215
Figure 196 shows the five-day biochemical oxygen demand concentrations as 
a function of detention time fo r an eleven day study. These data represent 
South Bel A ir coal and secondary-treated municipal wastewater mixed at a so l­
ids concentration of 40 percent. The background concentration was 10 m i l l i ­
grams per l i t e r  fo r the municipal wastewater used to form the s lu rr ie s . The 
average five-day biochemical oxygen demand concentration was 23 milligrams per 
l i t e r .  The concentration at the end of the eleven day investigation was 13 
milligrams per l i t e r .
Anaerobic . Five-day biochemical oxygen demand concentrations in s lu rry  
wastewaters prepared with South Bel A ir coal and secondary-treated municipal 
wastewater are shown on Figure 197. These data represent a 40 percent solids 
s lu rry . The general trend was fo r decreasing five-day biochemical oxygen de­
mand as a function of increasing detention time. However, a fte r about 72
Figure 1 9 6 : Variation In Five-Day Biochemical Oxygen Demand Concentratons 
In Slurry Wastewaters Prepared With South Bel Air Coal 
And Secondary-Treated Municipal Wastewater At 
40 Percent Solids In An Aerobic 
Environment For A Ten Day 
Investigation.
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hours, only nominal variations in the demand were observed. The background 
five-day biochemical oxygen demand concentration was 10 milligrams per l i t e r .  
The average five-day biochemical oxygen demand concentration was 36 milligrams 
per l i t e r .  The five-day biochemical oxygen demand at the end of the eleven 
day study was 45 milligrams per l i t e r .
T i m e ,  days
Figure 197: Variation In Five-Day Biochemical Oxygen Demand Concentrations
In Slurry Wastewaters Prepared With South Bel A ir Coal 
And Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Anaerobic Environment.
Aerobic-Anaerobic. Figure 198 provides a comparison of the five-day bio­
chemical oxygen demand concentrations in 40 percent solids s lu rr ies  prepared 
with South Bel Air coal and secondary-treated municipal wastewater. As shown 
by th is  f igure, the biochemical oxygen demand data for the anaerobic study 
were s l ig h t ly  higher than the data for the aerobic study. However, after 
about seventy-two hours, only nominal differences were observed between the 
aerobic and anaerobic data. The average concentrations were 23 and 36 m i l l i ­
grams per l i t e r ,  respectively, for the aerobic and anaerobic data. The con-
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centrations at the end of the eleven day study were 13 and 45 millig ram s per 
l i t e r ,  respectively, fo r the aerobic and anaerobic data.
T i me ,  days
Figure 198: Comparison Of Five-Day Biochemical Oxygen Demand Concentrations 
In Slurry Wastewaters Prepared With South Bel Air Coal And 
Secondary-Treated Municipal Wastewater At 40 Percent 
Solids In Aerobic And Anaerobic Environments 
For A Ten Day Investigation.
Sequential Aerobic-Anaerobi c. Several sequential aerobic-anaerobic stud­
ies were conducted using various water sources. The procedure used was to 
characterize the water qua lity  in i t ia l ly  and to mix the samples in an aerobic 
environment fo r th ir ty  hours. At the end of the th ir ty  hour period, samples 
was collected and analyzed. The remaining s lu rries  were mixed in an anaerobic 
environment fo r the required length of time.
Figure 199 shows the five-day biochemical oxygen demand concentrations in 
s lu rry wastewaters prepared with South Bel A ir coal and surface and well 
waters, and secondary-treated municipal wastewater. With the exception of the 
s lurry prepared with well water number one, the biochemical oxygen demand
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curves were s im ilar in shape to other biochemical oxygen demand curves devel­
oped during the research project. The well water number one biochemical oxy­
gen demand curve indicated a decreasing trend with respect to biochemical oxy­
gen demand in the la te r stages of the study. The five-day biochemical oxygen
demand of the municipal wastewater used was one milligram per l i t e r .  The av­
erage concentrations during the anaerobic phase of the investigations were 20, 
29, 74 and 21 milligrams per l i t e r ,  respectively, for the surface water, well 
water number one, well water number two and secondary-treated municipal waste- 
water s lu rries .
Figure 199: Comparison Of Five-Day Biochemical Oxygen Demand Concentrations 
In Slurry Wastewaters Prepared With South Bel Air Coal And 
Various Water Sources In A Sequential 
Aerobic-Anaerobic Environment.
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Reuse Of Slurry Wastewater As Slurry Media. A comparison of the five-day 
biochemical oxygen demand concentrations in once-through and recycled s lurry 
wastewaters is shown on Figure 200. As shown by the figure the data were 
mixed with no clearly discernible trends evident.
Figure 200: Comparison Of Five-Day Biochemical Oxygen Demand Concentrations
In S lurry Wastewaters Prepared With South Bel A ir Coal 
And Once-Through And Recycled Secondary-Treated 
Municipal Wastewater At SO Percent Solids.
Chemical Oxygen Demand
Aerobic. Figure 201 provides a comparison of the chemical oxygen demand 
concentrations in s lurry wastewaters prepared with 30, 40 and 50 percent so l­
ids s lu rr ies . These data were developed using Wyodak coal and secondary-
treated municipal wastewater. The peak concentrations generally occurred 
ea r l ie r  in the test period than for most of the other chemical oxygen demand 
data. The elapsed time to occurrence of the peak concentrations decreased 
with decreasing s lurry solids levels. The chemical oxygen demand concentra­
tions in the municipal wastewater used to form the s lu rr ies  were 29, 30 and 20
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milligrams per l i t e r ,  respectively, for the 30, 40 and 50 percent solids s lu r­
ries. The average concentrations were 90, 124 and 228 milligrams per l i t e r  
for the 30, 40 and 50 percent solids s lu rr ies , respectively. However, the 
chemical oxygen demand concentrations at the end of the sixty hours were much 
closer than the average would indicate. The f in a l concentrations were 54, 83 
and 102 milligrams per l i t e r  for the 30, 40 and 50 percent solids s lu rr ies , 
respectively.
Figure 201: Comparison Of CheMical Oxygen Demand Concentrations In Slurry 
Wastewaters Prepared With Wyodak. Coal And Secondary-Treated 
Municipal Wastewater At 30, 40 and 50 Percent Solids 
In An Aerobic Environment.
A similar comparison of chemical oxygen demand concentrations in slurry 
wastewaters prepared with South Bel Air coal and secondary-treated municipal 
wastewater is shown on Figure 202. These data reflected the same general
tendency as the Wyodak slurry wastewater data with respect to decreasing chem­
ical oxygen demand concentrations as a function of detention time. The aver­
age concentrations were 50, 70 and 74 milligrams per l i t e r ,  respectively, for
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the 30, 40 and 50 percent so lids  s lu r r ie s .  The background concentrations in 
the mun ic ipa l wastewater p r io r  to formation of the s lu r r ie s  were 50, 18 and 52 
m illigram s per l i t e r  fo r  the 30, 40 and 50 percent so lids  s lu r r ie s .  The con­
cen tra t ions at the end of the s ix ty  hour study were 50, 35 and 57 mi l l ig ra m s  
per l i t e r  fo r  the 30, 40 and 50 percent so lids  s lu r r ie s ,  re sp e c t ive ly .
T im e ,  h o u rs
Figure 202: Comparison Of Chemic a l Oxygen Demand Concentrations In S lu rry
Wastewaters Prepared With South Bel A ir  Coal And 
Secondary-Treated Municipal Wastewater At 30,
40 And 50 Percent Solids In An Aerobic 
Environment.
Figure 203 shows the chemical oxygen demand concentrations in  s lu r ry  
wastewaters prepared with Wyodak coal and secondary-treated municipal wastewa­
te r  mixed at two speeds. Forty percent so lids  s lu r r ie s  were used to develop 
these data. The average concentrations were 125 and 139 m ill ig ram s per l i t e r  
fo r  the s lu r ry  wastewaters mixed at the lower and higher mixing speeds. The 
background concentrations in the s lu r ry  wastewater were 30 m ill ig ram s per 
l i t e r  fo r  both s lu r ry  wastewaters.
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Figure 203 Comparison Of Chemical Oxygen Demand Concentrations In Slurry 
Wastewaters Prepared With Wyodak Coal And Secondary-Treated 
Municipal Wastewater At 40 Percent Solids With Two 
Mixing Speeds In An Aerobic Environment.
A similar comparison of chemical oxygen demand concentrations in slurry 
wastewaters prepared with 50 percent solids slurr ies is shown on Figure 204. 
The average concentrations were 228 and 232 Milligrams per l i t e r  for the lower 
and higher mixing speeds. The background concentration in the secondary- 
treated municipal wastewater was 20 milligrams per l i t e r .
Figure 205 shows a comparison of the chemical oxygen demand data in 
slurry wastewaters prepared with Wyodak and South Bel Air coals at 50 percent 
solids.
The average concentrations were 228 and 74 milligrams per l i t e r ,  respec­
t ive ly ,  for the slurry wastewaters prepared with Wyodak and South Bel Air 
coals. The concentrations at the end of the sixty hour investigation were 102 
and 57 milligrams per l i t e r  for the Wyodak and South Bel Air slurry wastewa­
ters.
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Figure 204 : Comparison Of Chemical Oxygen Demand Concentrations In Slurry 
Wastewaters Prepared With Wyodak Coal And Secondary-Treated 
Municipal Wastewater At 50 Percent Solids With Two 
Mixing Speeds In An Aerobic Environment.
Figure 205s Comparison Of Chemical Oxygen Demand Concentrations In S lu rry  
Wastewaters Prepared With Wyodak And South Bel A ir Coals,
And Secondary-Treated Municipal Wastewater At 50 
Percent Solids In An Aerobic Environment.
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A similar comparison of chemical oxygen demand data for 40 percent solids 
s lurries is shown on Figure 206. As shown by th is figure, the chemical oxygen 
demand concentrations in slurry wastewaters prepared with the Wyodak coal were 
substantially higher than those prepared with the South Bel Air coal. The av­
erage concentrations were 124 and 70 milligrams per l i t e r ,  respectively, for 
the Wyodak and South Bel Air slurry wastewaters. The background concentra­
tions in the municipal wastewaters prior to formation of the slurry were 30 
and 18 milligrams per l i t e r  for the slurries formed with Wyodak and South Bel 
Air coals, respectively.
T im e ,  h o u rs
Figure 206:  Comparison Of Chemical Oxygen Demand Concentrations In Slurry 
Wastewaters Prepared With Wyodak And South Bel Air Coals 
And Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Aerobic Environment.
Figure 207 shows a comparison of chemical oxygen demand data for 50 
percent solids s lurries prepared with two mixing speeds in an aerobic environ­
ments. These data were developed using Wyodak coal and secondary-treated mu­
nicipal wastewater. The average concentrations were 74 and 83 milligrams per
l i t e r ,  respective ly, fo r the s lu rry  wastewaters nixed at the lower and higher 
speeds. The background concentration in the municipal wastewater was 52 m il­
lig rans per l i t e r .
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Figure 207: Comparison Of Chemical Oxygen Demand Concentrations In S lurry
Wastewaters Prepared With South Bel A ir Coal And 
Secondary- Treated Municipal Wastewater 
At 50 Percent Solids With Two Mix ing  
Speeds In An Aerobic Environment.
Figure 208 provides a comparison of the chemical oxygen demand concentra­
tions in s lu rry  wastewaters prepared with South Bel A ir coal fo r an eleven day 
detention time. D is t i l le d  water and secondary-treated municipal wastewater 
were used to form the s lu rr ie s . The average concentrations were 90 and 99 
m illigrams per l i t e r ,  respective ly, fo r s lu rry  wastewaters prepared with the 
d is t i l le d  water and secondary-treated municipal wastewater. The background 
concentration in the municipal wastewater was 23 m illigrams per l i t e r .
A erob ic-A naerob ic . A  comparison of the chemical oxygen demand concentrations 
in s lu rry  wastewaters prepared with South Bel A ir coal and secondary-treated 
municipal wastewater is  shown on Figure 209. As shown by the fig u re , the
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chemic a l  oxygen demand concent ra t ions in  the s l u r r y  wastewaters were a pprox i ­
mately the same through Most o f the ten day de ten t ion  pe r iod .  The average 
concen t ra t ions  were 99 and 101 mi l l i g r a m s  per l i t e r ,  r e s p e c t iv e ly ,  f o r  s l u r r y  
wastewaters mixed in  the aerobic and anaerobic env i ronments.
Reuse Of S lu r ry  Wastewater As S lu r r y  Media. Figure 210 shows a compari­
son of the chemi c a l  oxygen demand concent ra t ions  in  s l u r r y  wastewaters p re ­
pared w i th  once-through and recyc led s l u r r y  wastewaters. South Bel A i r  coal 
at 50 percent s o l id s  was used to f o r m the s l u r r i e s .  As shown by the f i g u r e ,  
the chemic a l  oxygen demand data f o r  the recycled s l u r r i e s  were very c o n s is t ­
ent,  whereas the once-through data va r ie d .  However, the average concentra­
t io n s  were approx ima te ly  the same as were the values a t the end o f the inves-
Figure 2 0 8 : Compar ison  Of Chemical Oxygen Demand Concentra t ions In S lu r ry  
Wastewaters Prepared With South Bel A i r  Coal, And D i s t i l l e d  
Water And Secondary-Treated Municipal  Wastewater At 40 
Percent So l ids  In An Aerobic Environment For A 
Ten Day I n v e s t i g a t i o n .
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F igure  2 0 9 : Comparison Of Chemic a l Oxygen Demand C oncen tra tions In  S lu rry
Wastew aters Prepared Wi t h  South Bel A ir  Coal And 
Secondary-Treated M un ic ipa l Wastew ater At 40 
Percent S o lid s  In  Aerobic And Anaerobic 
Environments For A Ten Day 
In v e s t ig a t io n .
F igure  210: Compa rison  Of Chemical Oxygen Demand C oncentra tions In  S lu rry
Wastew aters Prepared Wi th  South Bel A ir  Coal And 
Once-Through And Recycled M un ic ipa l 
Wastew ater At 50 Percent S o lid s .
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t ig a t io n . The average concentrations were 91 and 81 milligrams per l i t e r  for 
the once-through and recycled s lu rr ie s , respectively.
Biochemical Oxygen Demand-Chemica l Oxygen Demand
Aerobic. A comparison of the five-day biochemical and chemical oxygen 
demand concentrations in s lurry wastewaters prepared with Wyodak coal and sec­
ondary-treated Municipal wastewater is shown on Figure 211. These curves rep­
resent 50 percent solids s lu rr ie s . The average five-day biochemical and chem­
ica l oxygen demand concentrations were 137 and 228 milligrams per l i t e r .
Figure 211: Comparison Of Five-Day Biochemical Oxygen Demand And Chemical
Oxygen Demand Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And Secondary-Treated 
Municipal Wastewater At 50 Percent Solids 
In An Aerobic Environment.
A s im ilar comparison of five-day biochemical and chemical oxygen demand 
concentrations for s lu rry  wastewaters prepared with 40 percent solids s lu rr ies  
is  shown on Figure 212. The average concentrations were 65 and 124 milligrams 
per l i t e r ,  respectively, fo r the five-day biochemical and chemical oxygen de­
mand Wyodak coal and secondary-treated municipal wastewater were used to de­
velop these data.
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Figure 212: Comparison Of Five-Day Biochemical Oxygen Demand And Chemical
Oxygen Demand Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And Secondary-Treated 
Municipal Wastewater At 40 Percent Solids
In An Aerobic Environment.
Figure 213 provides a comparison of the five-day biochemical and chemical 
oxygen demand concentrations in s lu rry  wastewaters prepared with South Bel Air 
coal and secondary-treated municipal wastewater. The data were developed us­
ing 50 percent solids s lu rr ie s . The average concentrations were 26 and 74 
milligrams per l i t e r ,  respectively, for five-day biochemical and chemical oxy­
gen demands. The background concentrations were 13 and 52 milligrams per 
l i t e r  fo r the five-day biochemical oxygen demand and chemical oxygen demand, 
respectively. As shown by the figu re , the five-day biochemical oxygen demand 
and chemical oxygen demand concentrations followed the same general trends 
throughout the s ix ty  hour investigation.
A s im ilar comparison of biochemical and chemical oxygen demands in s lu rry  
wastewaters formed with 40 percent solids s lu rrie s  is shown on Figure 214.
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Figure 213: Comparison Of Five-Day Biochemical Oxygen Demand And Chemical 
Oxygen Demand Concentrations In Slurry Wastewaters Prepared 
With South Bel Air Coal And Secondary-Treated Municipal 
Wastewater At SO Percent Solids In An Aerobic 
Environment.
Figure 2 1 4 : Comparison Of Five-Day Biochemical And Chemical Oxygen Demand 
Concentrations In Slurry Wastewaters Prepared With South 
Bel Air Coal And Secondary-Treated Municipal 
Wastewater At 40 Percent Solids 
In An Aerobic Environment.
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South Bel Air coal and secondary-treated Municipal wastewater were used to 
fo rm the s lu rr ie s . The average concentrations were 30 and 70 Milligrams per 
l i t e r ,  respectively, fo r the five-day biochemical and chemical oxygen demands.
Figure 215 shows the five-day biochemical and chemical oxygen demand 
concentrations as a function of time fo r s lu rry  wastewaters prepared with 
South Bel A ir coal fo r an eleven day investigation. Secondary-treated munici­
pal wastewater was used as the s lu rry media. Slurry solids concentrations 
were fo rty  percent. The average five-day biochemical and chemical oxygen de­
mand concentrations were 23 and 99 milligrams per l i t e r ,  respectively.
Figure 215: Comparison Of Five-Day Biochemical Oxygen Demand And Chemical 
Oxygen Demand Concentrations In Slurry Wastewaters Prepared 
With South Bel Air Coal And Secondary-Treated Municipal 
Wastewater At. 40 Percent Solids In An Aerobic 
Environment For A Ten Day Investigation.
Anaerobic. Figure 216 shows a comparison of the chemical oxygen demand 
and five-day biochemical oxygen demand concentrations in s lu rry  wastewaters 
prepared with South Bel Air coal in an anaerobic environment. The average 
five-day biochemical oxygen demand and chemical oxygen demand concentrations
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were 36 and 101 milligrams per l i t e r ,  respectively. Secondary-treated Munici­
pal wastewater was used to form the s lu rry  wastewaters. Slurry solids concen­
tra t io n  was fo r ty  percent.
Figure 216: Comparison Of Five-Day Biochemical Oxygen Demand And Chemical 
Oxygen Demand Concentrations In S lurry Wastewaters Prepared 
With South Bel A ir Coal And Secondary-Treated Municipal 
Wastewater At 40 Percent Solids In An Anaerobic 
Environment For A Ten Day Investiga tion .
Chloride
Aerobic. Figure 217 shows the chloride concentrations as a function of 
time for s lu rry  wastewaters prepared with Wyodak coal and secondary-treated 
municipal wastewater. The average concentrations were 36, 52 and 51 M i l l i ­
grams per l i t e r  fo r the 30, 40 and 50 percent solids s lu r r ie s ,  respectively. 
These data were c lea rly  not l inear with respect to solids concentration. The 
general trend for the 40 and 50 percent solids s lu r r ie s  was fo r  increasing 
chloride concentrations as a function of detention time. Chloride in the 30 
percent so lids s lu rr ie s  varied somewhat with the f in a l  concentration equal to 
the i n i t i a l  concentration. The background concentrations in  the municipal
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wastewaters prior to formation of the s lurries were 35, 43 and 39 Milligrams
per l i t e r ,  respectively, for the 30, 40 and 50 percent solids s lu rr ies .
Figure 217: Comparison Of Chloride Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And Secondary-Treated Municipal 
Wastewater At 30, 40 and 50 Percent Solids In 
An Aerobic Environment.
A comparison of the chloride concentrations in s lurry wastewaters pre­
pared with South Bel Air coal and secondary-treated municipal wastewater is
shown on Figure 218. The general trend was for s l ig h t ly  increasing concentra­
tions as a function of detention time. The average concentrations were 51, 33 
and 47 milligrams per l i t e r ,  respectively, for the 30, 40 and 50 percent so l­
ids s lu rr ies . The background concentrations in the municipal wastewater prior 
to formation of the s lurries were 47.5, 30.5 and 46.5 milligrams per l i t e r ,
respectively, for the 30, 40 and 50 percent solids s lu rr ies . Thus, the con­
tr ibu tion  of chloride by the coal was quite small.
Figure 219 shows a comparison of the chloride concentrations in s lurry 
wastewaters prepared with Wyodak coal at 50 percent solids. The average con-
T i m e ,  h o u r s
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Figure 218: Comparisons Of Chloride Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal And Secondary-Treated 
Municipal Wastewater At 30, 40 And 50 Percent Solids 
In An Aerobic Environment.
centrations were 11.4 and 51 milligrams per l i t e r  fo r s lurry wastewaters pre­
pared with the d is t i l le d  water and secondary-treated municipal wastewater, re­
spectively. The background concentrations in the municipal wastewater prior 
to formation of the s lurry was 30 milligrams per l i t e r .  Thus, the concentra­
tions were essentia lly additive. That is ,  the background concentration in the 
municipal wastewater plus the chloride leached from the coal in the d is t i l le d
water s lu rr ies  were essentially equal to the chloride concentration in the 
municipal wastewater s lu rry .
A sim ilar comparison of the chloride concentrations in s lurry wastewaters 
prepared with fo r ty  percent solids Wyodak coal is shown on Figure 220. The 
average concentrations were 7.8 and 52.5 milligrams per l i t e r ,  respectively, 
for the s lurry  wastewaters prepared with d is t i l le d  water and secondary-treated
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Figure 219: Comparison Of Chloride Concentrations In S lu rry  Wastewaters 
Prepared With Wyodak Coal, And D is t i l le d  Water And 
Secondary-Treated Municipal Wastewater At 50 
Percent Solids In An Aerobic Environment.
Figure 220: Comparison Of Chloride Concentrations In S lurry  Wastewaters 
Prepared With Wyodak Coal, And D is t i l le d  Hater And 
Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Aerobic Environment.
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Municipal  wastewater. The background concent ra t ion  was 43 mi l l i g r a ms per 
l i t e r  f o r  the Municipal wastewater p r i o r  to fo rMation of the s l u r r y .  Thus, 
the concent ra t ions were also e s s e n t ia l l y  a d d i t i v e  fo r  the 40 percent s o l id s  
s l u r r i e s .
Figure 221 shows the ch lo r id e  concent ra t ions in  s l u r r y  wastewaters pre­
pared with  South Bel A i r  coal at 50 percent so l id s  in  an aerobic env ironnent.  
The average concent ra t ions were 6.1 and 47 mi l l i g r a ms per l i t e r  f o r  the s l u r r y  
wastewaters prepared w ith  d i s t i l l e d  water and secondary- treated Municipal 
wastewater, r e s p e c t iv e ly .  The background concen t ra t ion  in  the Municipal 
wastewater p r i o r  to s l u r r y  fo rMation was 45.5 mi l l i g r a ms per l i t e r .
T i m e ,  h o u r s
Figure 221 : Comparison Of Chloride Concentrations In S lurry  Wastewaters 
Prepared With South Bel A ir  Coal, And D is t i l le d  Water 
And Secondary-Treated Municipal Wastewater At 50 
Percent Solids In An Aerobic Environment.
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Calcium And Total  Hardness
Aerobic. Figure 222  shows the c a l c i u m and t o t a l  hardness concent ra t ions 
in s l u r r y  wastewaters prepared with  Wyodak coal and secondary- treated Munic i­
pal wastewater. These data were developed using 50 percent s o l id s  s l u r r i e s .  
The average concent ra t ions were 231 and 435 mi l l i g r a n s  per l i t e r  f o r  calcium 
and t o t a l  hardness, re s p e c t iv e ly .
Figure 223 provides a comparison o f the t o t a l  hardness concen t ra t ions  in 
s l u r r y  wastewaters prepared with Wyodak coal at 50 percent s o l i d s .  Water 
sources used were d i s t i l l e d  water and secondary- treated Municipal wastewater. 
As would be expected, the hardness concentra t ions were la rge r  in  the Municipal 
e f f l u e n t  s l u r r y .  However, the d i s t i l l e d  water and background hardness data 
were not a d d i t i v e .  The Measured concentra t ions were s i g n i f i c a n t l y  less than 
the sum of the concentra t ions in the d i s t i l l e d  water s l u r r y  and Municipal 
wastewater p r i o r  to s l u r r y  p repara t ion .  The average t o t a l  hardness concentra-
Time,  hours
Figure 222:  Calcium And Total Hardness Concentrations In S lurry  Wastewaters 
Prepared With Wyodak Coal And Secondary-Treated Municipal 
Wastewater At 50 Percent Solids In An Aerobic 
Environment.
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t i o n s  were 332 and 435 mi l l i g r a ms per l i t e r  (as c a l c i u m carbonate ) .  The 
background concen t ra t ion  in  the Munic ipal  wastewater p r i o r  to  f o r ma t ion  of the 
s l u r r y  was 167 mi l l i g r a m s  per l i t e r .  P r e c ip i t a t i o n  o f  the hardness probably 
accounts f o r  much o f the less than a d d i t i v e  concen t ra t ions .
Figure 2 2 3 :    Comparison Of Total Hardness Concentrations In S lu rry
Wastewaters Prepared With Wyodak Coal And D is t i l le d  
Water And Secondary-Treated Municipal Wastewater 
At 50 Percent Solids In An Aerobic Environment.
Figure 224 prov ides a comparison o f the t o t a l  hardness concen t ra t ions  in 
s l u r r y  wastewaters prepared with  Wyodak coa l.  Water sources used were d i s ­
t i l l e d  water and secondary- treated Munic ipal  wastewater. The s o l id s  concen­
t r a t i o n  used was 40 percent.  As shown by the f i g u r e ,  the t o t a l  hardness con­
ce n t ra t io n s  were in  the saMe general range. The average t o t a l  hardness 
concen t ra t ions  were 229 and 294 M i l l ig raMS per l i t e r  f o r  s l u r r y  wastewaters 
prepared w ith  d i s t i l l e d  water and Munic ipal  e f f l u e n t ,  r e s p e c t iv e ly .  The back-
ground concent ra t ion  in  the mu n ic ip a l  wastewater was 180 m i l l ig ra m s  per l i t e r .  
Thus, the sum of the d i s t i l l e d  water and background concen t ra t ions  s i g n i f i ­
ca n t ly  exceeded the t o t a l  hardness in  the Municipal wastewater s l u r r y .
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Figure 224: Comparison Of The Total Hardness Concentrations In S lu rry  
Wastewaters Prepared With Wyodak Coal, And D is t i l le d  
And Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Aerobic Environment.
Figure 225 shows a comparison o f the calcium hardness concent ra t ions in  
s l u r r y  wastewaters prepared with Wyodak coal in  40 percent s o l id s  s l u r r i e s .  
Water sources used inc luded d i s t i l l e d  water and secondary- treated Municipal 
wastewater.  The average calcium concent ra t ions were 121 and 154 mi l l i g r a m s  
per l i t e r ,  r e s p e c t iv e ly ,  f o r  s l u r r y  wastewaters prepared with  d i s t i l l e d  water 
and mu n ic ip a l  e f f l u e n t .  The background concent ra t ion  in  the munic ipal  waste-
water was 148 M i l l ig ram s per l i t e r .  The sum of the background p lus d i s t i l l e d  
water concentra t ions (269) s u b s ta n t i a l l y  exceeded the concent ra t ions in  the 
s l u r r y  wastewaters prepared w ith  Municipal wastewater (154).
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Figure  225:  Compar ison  Of C a lc iu m Hardness Concentra t ions In S lu r r y  
Wastewaters Prepared Wi t h  Wyodak Coal,  And D i s t i l l e d  
Wa te r  And Secondary-Treated Munic ipa l  Wastewater 
At 40 Percent So l ids  In An Aerobic Env i ronme n t .
The c a l c i l i «  hardness c o n c e n t r a t i o n s  i n  s l u r r y  wastewaters  prepared  w i th  
d i s t i l l e d  water  and mu n i c i p a l  e f f l u e n t  are shown on F igu re  226. The average 
c o n c e n t r a t i o n s  i n  50 pe rcen t  s o l i d s  s l u r r i e s  were 174 and 231 mi l l i g r a ms per 
l i t e r  f o r  s l u r r y  wastewaters  prepared w i t h  d i s t i l l e d  wate r  and mu n i c i p a l  e f ­
f l u e n t ,  r e s p e c t i v e l y .  Coal used was Wyodak c o a l .  The background c o n c e n t ra ­
t i o n  in  the  M u n ic ip a l  wastewater  was 143 mi l l i g r a ms per  l i t e r .  The sum o f  the  
background p lus  d i s t i l l e d  water  s l u r r y  c o n c e n t r a t i o n s  s u b s t a n t i a l l y  exceed the 
c o n c e n t r a t i o n  in  the s l u r r y  wastewater  p repared  w i t h  M u n ic ip a l  wastewater  (317 
vs .  231 M i l l i g r a M s  per l i t e r ) .
The c a l c i u m and t o t a l  hardness c o n c e n t r a t i o n s  i n  s l u r r y  was tewate rs  p r e ­
pared w i t h  South Bel  A i r  coa l  and s e c o n d a r y - t r e a te d  M u n ic ip a l  wastewater  are  
shown on F igu re  227 as a f u n c t i o n  o f  d e t e n t i o n  t i me. The average c a lc iu M  and 
t o t a l  hardness c o n c e n t r a t i o n s  were 269 and 419 mi l l i g r a ms per  l i t e r ,  respec ­
t i v e l y .  The s l u r r i e s  were prepared w i t h  50 pe rcen t  s o l i d s .
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Figure 226: Comparison Of Calcium Hardness Concentrations In S lurry 
 Wastewaters Prepared With Wyodak Coal, And D is t i l le d
Water And Secondary-Treated Municipal Wastewater 
At 50 Percent Solids In An Aerobic Environment.
Time,  hou rs
Figure 227:  Calcium And Total Hardness As A Function Of Detention Time 
For Slurry Wastewaters Prepared With South Bel A ir Coal 
And Secondary-Treated Municipal Wastewater At 50 
Percent Solids In An Aerobic Environment.
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Figure 228 provides a similar comparison of the calcium and to ta l hard­
ness concentrations in slurry wastewaters prepared with South Bel'A ir coal and 
municipal wastewater at 40 percent solids. Generally increasing trends were 
apparent during the la tte r  two-thirds of the test period.
Figure 228: Calcium And Total Hardness As A Function Of Detention T ime 
For Slurry Wastewaters Prepared With South Bel Air Coal 
And Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Aerobic Environment.
A comparison of the calcium concentrations in slurry wastewaters prepared 
with South Bel Air coal is shown on Figure 229. Water sources used were dis­
t i l le d  water and secondary-treated municipal wastewater with a s lurry solids
concentration of 40 percent. The average calcium concentrations were 87 and
151 milligrams per l i t e r ,  respectively, for the slurry wastewaters prepared 
with d is t i l le d  water and municipal wastewater. The background calcium concen­
tra tion in the municipal wastewater was 140 milligrams per l i t e r .  The sum of 
the background plus d is t i l le d  water concentrations, 227 milligrams per l i t e r ,  
was substantially greater than the concentration in the slurry wastewater pre­
pared with the municipal wastewater, 151 milligrams per l i t e r .
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Figure 229j Comparison Of Calcium Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal, And D is tille d  Water 
And Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Aerobic Environment.
Figure 230 shows the comparison of calcium concentrations in s lu rry  
wastewaters prepared with South Bel A ir coal at 50 percent so lids. D is tille d  
water and secondary-treated municipal wastewater were used as the s lu rry  me­
dia.
Figure 230:  Comparison Of Calcium Concentrations In Slurry Wastewaters 
Prepared With South Bel A ir Coal, And D is tille d  Water 
And Secondary-Treated Municipal Wastewater At 
50 Percent Solids In An Aerobic Environment.
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Figure 231 provides a similar comparison of the to ta l hardness 
concentrations in slurry wastewaters prepared with d is t i l le d  water and second­
ary-treated municipal wastewater. Forty percent solids s lurries were used in 
the development of these data. The average concentrations were 142 and 240 
mi l l i g r a ms per l i t e r ,  respectively, for the d is t i l le d  water and Municipal 
wastewater s lurries. South Bel Air coal was used in these tests. The 
background concentration in the municipal wastewater was 220 Milligrams per 
l i t e r .  A comparison of the municipal wastewater plus d is t i l le d  water slurry 
concentrations versus the concentrations in the municipal wastewater slurry 
yields values of 362 and 240 milligrams per l i t e r ,  respectively.
Figure 231: Comparison Of Total Hardness Concentrations In Slurry 
Wastewaters Prepared With South Bel Air Coal, And 
D is ti l led  Water And Secondary-Treated Municipal 
Wastewater At 40 Percent Solids In An 
Aerobic Environment.
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Figure 232 prov ides a comparison o f  the t o t a l  hardness concen t ra t ions  in  
s l u r r y  wastewaters prepared w ith  South Bel A i r  coal at 50 percent s o l i d s  in  an 
aerobic environment.  D i s t i l l e d  water and secondary- treated mu n ic ip a l  wastewa­
te r  were used as the s l u r r y  media.
Figure 2 3 2 : Comparison Of Tota l  Hardness Concentra t ions In S lu r r y  
Wastewaters Prepared With South Bel A i r  Coal, And 
D i s t i l l e d  Water And Secondary-Treated 
Municipal  Wastewater At 50 Percent 
So l ids  In An Aerobic 
Environment.
Figure 233 provides a comparison of the calcium concen t ra t ions  in  30, 40 
and 50 percent s o l id s  s l u r r i e s  prepared w ith  South Bel A i r  coal and secondary- 
t rea ted  munic ipal  wastewater.  The average calcium concen t ra t ions  were 72, 
151, and 269 m i l l i g ra m s  per l i t e r  f o r  the 30, 40 and 50 percent s o l id s  s l u r ­
r i e s ,  r e s p e c t iv e ly .
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Figure  2 3 3 : Comparison Of Calcium Concentra t ions In S lu r r y  Wastewaters 
Prepared Wi t h  South Bel A i r  Coal And Secondary-Treated 
Munic ipa l  Wastewater At 30, 40 and SO Percent So l ids  
In An Aerobic Environment.
F igure  234 shows a s i m i l a r  comparison f o r  t o t a l  hardness. The average 
t o t a l  hardness concen t ra t ions  were 121, 240 and 419 m i l l i g ra m s  per l i t e r ,  as 
calc ium carbonate, f o r  the 30, 40 and 50 percent s o l i d s  s l u r r i e s ,  respec­
t i v e l y .
The t o t a l  hardness concen t ra t ions  in  s l u r r y  wastewaters prepared with  
South Bel A i r  coal a t 50 percent  s o l i d s  are shown on Figure  235 .  W a t e r  
sources used were d i s t i l l e d  water and secondary- t rea ted  munic ipal  wastewater.  
The average concen t ra t ions  were 299 and 419 m i l l i g ra m s  per l i t e r ,  expressed as 
calcium carbonate. The background t o t a l  hardness concen t ra t ion  in  the s l u r r y  
wastewater was 204 m i l l i g ra m s  per l i t e r .  A comparison o f  the t o t a l  hardness 
in  the munic ipa l  wastewater s l u r r i e s  w i th  the a lgeb ra ic  sum o f  the concent ra ­
t i o n s  in  the d i s t i l l e d  water s l u r r i e s  p lus the background concen t ra t ion  y ie ld s  
values o f 419 and 503 m i l l i g ra m s  per l i t e r .
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T im e ,  h o u r s
Figure  2 3 4 : Comparison Of T o ta l Hardness Concentra tions In  S lu r ry  
Wastewaters Prepared With South Bel A i r  Coal And 
Secondary-Treated M un ic ipa l Wastewater At 30,
40 And 50 Percent S o lid s  In An Aerobic 
Environment.
T im e ,  h o u r s
Figure  2 3 5 : Comparison Of To ta l Hardness C oncen tra tions  In  S lu r ry  
Wastewaters Prepared With D i s t i l l e d  Water And 
Secondary-Treated M un ic ipa l Wastewater, And 
South Bel A i r  Coal At 50 Percent S o lid s  
In  An Aerobic Environment.
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Figure  236 p rov ides  a s i m i l a r  compar ison  o f the calc iuM data f o r  the 
s l u r r y  wastewaters developed w i th  the South Bel A i r  coal  us ing d i s t i l l e d  water  
and seconda ry - t rea ted  mu n ic i p a l  wastewater w i th  50 percen t  s o l i d s .  The ave r ­
age ca lc iuM c o n c e n t ra t io n s  were 196 and 269 M i l l i g ra M s  per l i t e r ,  expressed as 
calc iuM carbonate .  The background ca lc iuM c o n c e n t ra t io n  in  the Munic ipal  
wastewater was 148 M i l l i g ra M s  per l i t e r .  The background p lus  d i s t i l l e d  water  
s l u r r y  c o n c e n t ra t io n  was 344 M i l l i g ra M s  per l i t e r  which was s u b s t a n t i a l l y  
g re a te r  than the c o n ce n t ra t io n  in  the s l u r r y  wastewater prepared w i th  the  Mu­
n i c i p a l  wastewater o f  269 M i l l i g ra M s  per l i t e r .
Figure  236:  Comparison Of CalciuM Concentra t ions  In  S lu r r y  Wastewaters 
Prepared With D i s t i l l e d  Water And Secondary-Treated 
Mun ic ipa l  Wastewater, And South Bel A i r  Coal At 
50 Percent S o l id s  In  An Aerobic EnvironMent.
F igure  237  shows the calc iuM co n ce n t ra t io n s  in  s l u r r y  wastewaters p re ­
pared w i th  d i s t i l l e d  water and secondary - t rea ted  Mun ic ipa l  wastewater.  Coal 
used was South Bel A i r  c o a l .  The average co n cen t ra t io n s  were 198 and 263 M i l ­
l i g ra M s  per l i t e r .  Fo r ty  percent s o l i d s  co n ce n t ra t io n s  were used f o r  the
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t e s t s .  The background calcium concen t ra t ion  was 143 m i l l i g ra m s  per l i t e r ,  ex­
pressed as calcium carbonate.  Thus, the d i s t i l l e d  water and background hard­
ness concen t ra t ions  were c l e a r l y  not a d d i t i v e  f o r  t h i s  parameter.  High mix in g  
speeds were used in  these t e s t s .
Figure 237: Comparison Of Calcium Concentrat ions In S lu r ry  Wastewaters 
Prepared With D i s t i l l e d  Water And Secondary-Treated 
Munic ipal Wastewater, And Wyodak Coal At A 40 
Percent So l ids  Concentrat ion In An Aerobic 
Environment.
Lead
Aerobic. The lead concen t ra t ions  in  s l u r r y  wastewaters prepared with  
South Bel A i r  coal and secondary- treated municipal  wastewater are shown on 
Figure 238, The average concen t ra t ion  was 0.19 m i l l i g ra m  per l i t e r .  As was 
t y p i c a l  f o r  most o f the lead data, the i n i t i a l  concen t ra t ions  was e s s e n t i a l l y  
re p re se n ta t i ve  o f the lead concen t ra t ions  throughout the eleven day pe r iod .
Figure 239 shows the lead concen t ra t ions  in  s l u r r y  wastewaters prepared w i th  
South Bel A i r  coal a t 40 percent s o l i d s .  D i s t i l l e d  water and secondary- 
t rea ted  munic ipal  wastewater were used in  the development o f  these data . The
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Figure 238: Lead Concentrations In Slurry Wastewaters Prepared With  South 
Bel Air Coal And Secondary-Treated Municipal Wastewater 
At 40 Percent Solids In An Aerobic Environment For 
A Ten Day Investigation.
Figure 239: Comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal, And D is tille d  
Water And Secondary-Treated Municipal 
Wastewater At 40 Percent Solids In 
An Aerobic Environment For 
A Ten Day Investigation.
average c o n c e n t ra t io n s  were 0.15 and 0.19 mi l l i g r a ms per l i t e r  f o r  the  d i s ­
t i l l e d  water and seconda ry - t rea ted  mu n i c i p a l  wastewater s l u r r i e s ,  respec­
t i v e l y .
Anerobic. Figure 240 shows the lead concentrations in s lu rry wastewa­
ters prepared with South Bel Air coal and secondary-treated municipal wastewa­
ter in an anaerobic environMent. As shown by the figu re , l i t t l e  variation oc­
curred in the data. The average concentration was 0.18 mi l l ig r a m per l i t e r .
Figure 240: Lead Concentrations In Slurry Wastewaters Prepared With  South 
Bel Air Coal And Secondary-Treated municipal wastewater At 
40 Percent Solids In An Anaerobic Environment For A 
Ten Day Investigation.
Aerobic-anaerobic. The lead concentrations in s lu rry wastewaters pre­
pared with South Bel A ir coal and secondary-treated Municipal wastewater is 
shown on Figure 241. As indicated by the figure, only nominal differences in 
the lead concentrations were evident fro m the data. To the extent that d if ­
ferences did ex is t, the anaerobic data were s lig h tly  less than the aerobic 
data. The average concentrations were 0.19 and 0.18 milligraMS per l i t e r ,  re-
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spectively, for the aerobic and anaerobic data. The s lu rries  were prepared 
with coal contents of 40 percent, by weight.
Figure 241: Comparison Of Lead Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And Secondary-Treated 
Municipal Wastewater At 40 Percent Solids In 
Aerobic And Anaerobic Environments For A 
Ten Day Investigation.
Reuse Of Slurry Wastewater As Slurry Media. Figure 242 shows the lead 
concentrations in s lurry wastewaters prepared with South Bel A ir coal. The 
data re fle c t once-through and recycled s lurry media. As shown by the figure, 
the lead concentrations in the recycled s lu rries  were s lig h tly  higher than 
those in the once-through system. The average concentrations fo r the last six 
data points were 0.14 and 0.15 mi l l ig r a ms per l i t e r ,  respectively, for the 
once-through and recycled slurry investigations. As indicated by the figure, 
the lead concentrations migrated downward to essentially the f in a l concentra­
tion within the aerobic period.
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Figure 242: Lead Concentrations In Slurry Wastewaters Prepared With  
Once-Through And Recycled Secondary-Treated Municipal 
Wastewaters, And South Bel Air Coal At 50 
Percent Solids.
Nitrate
Aerobic. Nitrate concentrations fo r Wyodak coal and secondary-treated 
municipal wastewater s lurries are shown on Figure 243. The general trend for 
a ll three slurries was for increasing n itra te  concentrations as a function of
detention t i me. The average concentrations were 4.5, 4.2 and 4.4 milligram s 
per l i te r  (as nitrogen) for the 30, 40 and 50 percent solids s lu rries , respec­
tiv e ly . The background concentrations were 4.3, 5.5 and 5.2 millig ram s per 
l i te r ,  respectively, for the 30, 40 and 50 percent s lu rries .
Figure 244 shows a comparison of n itra te  concentrations in slurry 
wastewaters formed with Wyodak coal at 50 percent solids. The average concen­
trations were 3.6 and 4.4 milligram s per l i te r ,  respectively, for the dis­
t i l le d  water and secondary-treated municipal wastewater. The background con­
centration in the municipal wastewater was 5.2 milligrams per l i t e r .
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Figure 243: Comparison Of N itrate Concentrations In Slurry Wastewaters 
Prepared With Wyodak Coal And D is tille d  Water At 30,
40 And 50 Percent Solids In An Aerobic Environment.
Figure 244: Comparison Of N itra te Concentrations In Slurry Wastewaters 
Prepared With  Wyodak Coal, And D is tille d  Water And 
Secondary-Treated Municipal Wastewater At 50 
Percent Solids In An Aerobic Environment.
A sim ilar comparison of n itra te  data is  shown on Figure 245. The average 
concentrations were 3.3 and 4.2 milligrams per l i t e r  fo r the d is t i l le d  water 
and secondary-treated municipal wastewater, respectively. The background con­
centration was 2.5 milligrams per l i t e r .
Figure 245: Comparison Of N itrate Concentrations In Slurry Wastewaters 
Prepared With  Wyodak Coal, And D is tille d  Water And 
Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Aerobic Environment.
F igure 246 illu s tra te s  s im ilar data fo r the 30 percent solids s lu rries . 
The average concentrations were 2.9 and 4.5 mi l l ig r a ms per l i t e r  fo r the low­
er and higher nixing speeds, respectively.
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The n itra te  data for 30, 40 and 50 percent solids s lu rrie s  prepared with 
South Bel Air coal and secondary-treated municipal wastewater are shown Figure 
247. The n itra te  concentrations averaged 5.2, 4.3 and 4.9 millig ram s per 
l i t e r  (as nitrogen) fo r the 30, 40 and 50 percent solids s lu rr ie s , respec­
t iv e ly . The background concentrations fo r the 30, 40 and 50 percent solids 
s lu rries  were 4.4, 4.6 and 4.8 milligrams per l i t e r ,  respectively.
Figure 248 shows the n itra te  data in 40 percent solids s lu rries  prepared 
with South Bel Air coal in an aerobic environment. The average concentrations 
were 3.3 and 4.3 milligrams per l i t e r ,  respectively, fo r the d is t i l le d  water 
and secondary-treated municipal wastewater. The background concentration in 
the municipal wastewater was 4.6 millig ram s per l i t e r .
Figure 246: Comparison Of N itra te  Concentrations In Slurry Wastewaters
Prepared With  Wyodak Coal And Secondary-Treated 
Municipal Wastewater At 30 Percent Solids 
With  Two Mixing Speeds In An 
Aerobic Environnent.
Figure 247: Conparison Of N itra te Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And Secondary-Treated 
Municipal Wastewater At 30, 40 and 50 Percent 
Solids In An Aerobic EnvironMent.
Figure 248: Comparison Of N itra te  Concentrations In Slurry Wastewaters 
Prepared With  South Bel A ir Coal And D is tille d  Water 
And Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Aerobic Environment.
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Figure 249 shows the n itra te  data for an eleven day study conducted with 
South Bel A ir coal and secondary-treated municipal wastewater. These data re­
f le c t high n itra te  concentrations with substantial varia tion .
Reuse Of Slurry Wastewater As Slurry Media. Figure 250 shows the n itra te  
data for s lu rry wastewaters prepared with once-through and recycled Municipal 
wastewaters used as the s lurry Media. The once-through s lu rry indicated a 
tendency fo r the n itra te  to decrease as a function of detention t i me. Con­
versely, the recycled s lu rry showed a clear tendency fo r increasing 
concentrations as a d irect function of detention t i me. The differences in 
concentrations between the once-through and recycled s lu rries  were substantial 
in the la tte r  one-half of the investigation.
Figure 249: Comparison Of N itrate Concentrations In Slurry Wastewaters 
Prepared With  South Bel Air Coal And Secondary-Treated 
Municipal Wastewater At 40 Percent Solids In An 
Aerobic Environment For A Ten Day 
Investigation.
pH
Aerobic. Figure 251 provides a coMparison of pH values in s lu rry waste­
waters prepared with Wyodak coal and secondary-treated municipal wastewater. 
As shown by the figure , a ll three solids s lu rries exhibited a drop in pH dur­
ing the f i r s t  few hours of the investigation followed by a return to near in i ­
t ia l  levels within the f i r s t  24 hours. The average pH values were 6.7 for a ll 
three solids s lu rries . The background pH values were 7.8, 7.8 and 7.6 for the 
municipal wastewater used for the 30, 40 and 50 percent solids s lu rrie s , re­
spectively.
A s imila r  comparison of pH values in s lurry wastewaters prepared with 
South Bel Air coal and secondary-treated municipal wastewater is  shown on Fig­
ure 252. The average pH values fo r the 30, 40 and 50 percent solids s lu rries 
were 6.7, 6.8 and 6.8, respectively. The background concentrations in the mu­
nicipal wastewaters used to develop these data were 7.8, 7.9 and 8.0 for the 
30, 40 and 50 percent solids s lu rries .
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Figure 250: N itrate Concentrations In Slurry Wastewaters Prepared With  
Once-Through And Recycled Secondary-Treated Municipal 
Wastewater And South Bel A ir Coal At 50 
Percent Solids.
Figure 251: Comparison Of pH Values In Slurry Wastewaters Prepared With  
Wyodak Coal And Secondary-Treated Municipal Wastewater 
At 30, 40 And 50 Percent Solids In 
An Aerobic Environment.
Figure 252: Comparison Of pH Values In Slurry Wastewaters Prepared With  
South Bel Air Coal And Secondary-Treated Municipal 
Wastewater At 30, 40 and 50 Percent Solids 
In An Aerobic Environment.
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Figure 253 shows a comparison of the pH values in s lu rry wastewaters pre­
pared with  Wyodak coal at 50 percent solids. The average pH values were 6.7 
fo r both s lu rries . The general trend was for increasing pH values as a func­
tion of t i me for the s lu rry wastewaters formed with d is t i l le d  water. The pH 
values of the s lurry wastewaters prepared with the secondary-treated municipal 
wastewater decreased during the f i r s t  few hours, but subsequently exhibited an 
increasing trend for the remainder of the investigation.
Figure 253: Comparison Of pH Values In Slurry Wastewaters Prepared With  
Wyodak Coal, And D is tille d  Water And Secondary-Treated 
Municipal Wastewater At 50 Percent Solids In 
An Aerobic Environment.
A sim ilar comparison of pH values in s lu rry wastewaters prepared with 
Wyodak coal at 40 percent solids in an aerobic environment is  shown on Figure 
254. The pH averaged 6.8 and 6.7 fo r the s lu rry wastewaters prepared with the 
d is t i l le d  water and secondary-treated municipal wastewater, respectively.
Figure 255 shows a comparison of the pH values in s lu rry  wastewaters 
prepared with South Bel Air coal in 50 percent solids s lu rr ie s . The trends 
were s im ilar to those exhibited by the Wyodak coal s lu rr ie s . That is , the pH
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Figure  254: Compar ison  Of pH Values In  S lu r r y  Wastewate rs  Prepared Wi t h  
Wyodak Coal,  And D i s t i l l e d  Wa te r  And Secondary-Treated 
M un ic ipa l  Wastewate r  At 40 Percent S o l id s  In 
An Aerob ic Env i ronmen t .
o f  the s l u r r y  wastewaters fo rced  w i th  the d i s t i l l e d  water tended to  increase 
th roughout  the i n v e s t i g a t i o n ,  whereas the pH values i n i t i a l l y  decreased dur ing  
the f i r s t  few hours then g e n e ra l l y  increased f o r  the remainder o f  the i n v e s t i ­
g a t io n  f o r  the mu n i c i p a l  wastewater s l u r r i e s .  The average pH values were 6 .6  
and 6.8 f o r  the s l u r r y  wastewaters prepared w i th  d i s t i l l e d  water and secondar­
y - t r e a t e d  M un ic ipa l  wastewater ,  r e s p e c t i v e l y .  The background pH o f  the Munic­
i p a l  wastewater p r i o r  to  fo rM a t ion  o f  the s l u r r y  was 8 .0 .
A coMparison o f  pH values in  eleven day i n v e s t i g a t i o n s  f o r  s l u r r y  waste- 
waters prepared w i th  South Bel A i r  coa l  a t  s o l i d s  conc e n t ra t io n s  o f  40 percent 
i s  shown on F igure  256. The data were Mixed, a l though a s l i g h t  tendency f o r  
in c re a s in g  pH as a f u n c t i o n  o f  t i n e  was ev iden t  i n  the  s l u r r y  wastewaters 
f o r med w i th  d i s t i l l e d  wa te r .  A drop in  pH near the end o f  the i n v e s t i g a t i o n
Figure 255: Comparison Of pH Values In S lu r r y  Wastewaters  Prepared Wi t h  
South Bel A i r  Coal , And D i s t i l l e d  Water And Secondary 
Treated Mu n i c ip a l  Wastewater At 50 Percent S o l ids  
In An Aerobic Environment.
F i g u r e  2 5 6 : Comparison Of pH Values In Slurry Wastewaters Prepared With 
South Bel Air Coal, And D is tille d  Water And Secondary 
Treated Municipal Wastewater At 40 Percent Solids 




was c l e a r l y  ev iden t  in  the s l u r r y  wastewaters prepared w i th  secondary - t rea ted  
Mun ic ipa l  wastewater.  The average pH values were 6.3 f o r  both s l u r r i e s .  
Fo r ty  percent  s o l i d s  were used to develop these da ta .
Anaerobic.  F igure  257 shows a comparison o f  the pH values in  s l u r r y  
wastewaters prepared w i th  South Bel A i r  coal  a t  40 percen t  s o l i d s .  The aver ­
age pH values were 7.1 f o r  both the s l u r r y  wastewaters  prepared w i th  d i s t i l l e d  
water and secondary - t rea ted  Munic ipa l  wastewater.  A d d i t i o n a l l y ,  the general  
t rends  were s i mi l a r  f o r  both s l u r r y  wastewaters.
F igure  257: Comparison Of pH Values In Slurry Wastewaters Prepared With 
South Bel Air Coal, And D is tille d  Water And Secondary 
Treated Municipal Wastewater At 40 Percent Solids 
In An Anaerobic Environment For A Ten 
Day Investigation.
A erob ic -A nae ro b ic . Figure 258 shows a comparison o f  the pH values in 
s l u r r y  wastewaters prepared w i th  aerob ic  and anaerobic env ironments .  South 
Bel A i r  coal a t  40 percen t  s o l i d s  and seconda ry - t rea ted  mun ic ipa l  wastewater 
were used to  form the s l u r r y .  The average pH values were 6.3 and 7 .1 ,  respec­
t i v e l y ,  f o r  s l u r r y  wastewaters mixed in  aerob ic  and anaerobic env ironments .
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As in d ic a te d  by the average va lues ,  the pH o f  the s l u r r y  wastewater nixed in  
the anaerobic environment was h igher  than the pH values in  the s l u r r i e s  nixed 
in  the aerob ic  environment th roughout  nea r ly  a l l  o f  the i n v e s t i g a t i o n .
Figure 258: Comparison Of pH Values In Slurry Wastewaters Prepared With  
South Bel Air Coal And Secondary-Treated Municipal 
Wastewater At 40 Percent Solids In Aerobic And 
Anaerobic Environments For Ten Day 
Investigations.
Reuse Of S lu r r y  Wastewater As S lu r r y  Media. A compar ison  o f  pH values in  
s l u r r y  wastewaters prepared w i th  once-through and recyc led  s l u r r y  wastewaters 
i s  shown on F igure  259. As shown by the  f i g u r e ,  the pH o f  the s l u r r y  wastewa­
t e r s  prepared w i th  the recyc led  water were lower than the pH o f  the once- 
through s l u r r y  wastewaters th roughout  Most o f  the i n v e s t i g a t i o n .  A d d i t i o n ­
a l l y ,  the genera l  tendency was f o r  decreasing pH values w i th  in c rea s ing  
de te n t io n  t iMe.
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Po tass i um
Aerob ic .  F igure  260 shows comparison o f  potassium c o n c e n t ra t io n s  in  30, 
40 and 50 percent  s o l i d s  s l u r r i e s  prepared w i th  Wyodak coal  and secondary-  
t r e a te d  mun ic ipa l  wastewater .  As shown by the f i g u r e ,  a l l  t h re e  s o l i d s  s l u r ­
r i e s  i n i t i a l l y  increased in  potassium fo l low e d  by decreases in  c o n c e n t ra t io n .  
The i n i t i a l  increase was more pronounced f o r  the h igher  s o l i d s  s l u r r i e s .  The 
m ig ra t io n  o f  the c o n c e n t ra t io n s  e i t h e r  upward or  downward, depending on the 
i n i t i a l  conc e n t ra t io n s  was s i m i l a r  to  t h a t  observed in  the aerob ic  p o r t i o n  of  
the s e q u e n t ia l  ae rob ic -anaerob ic  s t u d ie s .
A s i m i l a r  comparison o f  the potassium conce n t ra t io n s  in  s l u r r y  wastewa­
te r s  prepared w i th  South Bel A i r  coa l  and seconda ry - t rea ted  m un ic ipa l  wastewa­
t e r  i s  shown on F igure  261. The potassium conce n t ra t io n s  remained about the 
same f o r  each s l u r r y  through the s i x t y  hour i n v e s t i g a t i o n .  The c oncen t ra t ions  
were r e l a t i v e l y  low, in  the range from about 6 to  9 m i l l i g ra m s  per  l i t e r .
F igure  259: Comparison Of pH Values In  S lu r r y  Wastewaters Prepared Wi t h  
Once-Through And Recycled S lu r r y  Wastewater, And South 
Bel A i r  Coal At 50 Percent S o l id s .
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Figure 260: Comparison Of Potassium Concentrations In Slurry Wastewaters 
Prepared With  Wyodak Coal And Secondary-Treated Municipal 
Wastewater At 40 Percent Solids In An Aerobic 
Environment.
Figure 261: Comparison Of Potassium Concentrations In Slurry Wastewaters 
Prepared With  South Bel A ir Coal And Secondary-Treated 
Municipal Wastewater At 30, 40 and 50 Percent Solids 
In An Aerobic Environment.
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Figure 262 provides a comparison of the potassium concentrat ions in 
s lu r ry  wastewaters prepared with Wyodak coal.  D i s t i l l e d  water and secondary- 
treated municipal wastewater were used as the s lu r ry  media. As shown by the 
f ig u re ,  the potassium concentrat ions in the d i s t i l l e d  water s lu r r ie s  were con­
s is te n t l y  lower than the potassium concentrat ions in the secondary-treated mu­
n ic ipa l  wastewater s lu r r i e s .  However, the d i f ference was only aobut two mi l ­
l igrams per l i t e r  through most of the inves t iga t ion .  The background potassium 
concentrat ion in the municipal wastewater p r io r  to formation of the s lu r r y  was 
7.8 mil l igrams per l i t e r .  Thus, the concentrations in the d i s t i l l e d  water 
s lu r ry  and the municipal wastewater p r io r  to s lu r ry  formation were c lea r ly  not 
add i t ive .  F i f t y  percent sol ids s lu r r ie s  were used to develop these data.
Figure 262: Comparison Of Potassium Concentrations In Slurry Wastewaters
Prepared Wi th  Wyodak Coal, And D is t i l l e d  Water And 
Secondary-Treated Municipal Wastewater At 50 
Percent Sol ids In An Aerobic Environment.
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A similar comparison of potassium concentrations in slurry wastewaters 
prepared with Wyodak coal at 40 percent solids is shown on Figure 263. The 
potassium concentrations in slurry wastewaters prepared with d is t i l le d  water 
were consistently below those in slurry wastewaters prepared with secondary- 
treated municipal wastewater. The average concentrations were 7.0 and 8.3 for 
the slurries prepared with d is t i l le d  water and secondary-treated municipal 
wastewater. The background concentration in the municipal wastewater was 9.2 
milligrams per l i t e r .
Figure 263: Comparison Of Potassium Concentrations In Slurry Wastewaters
Prepared With  Wyodak Coal, And D is ti l led  Water And 
Secondary-Treated Municipal Wastewater At 40 
Percent Solids In An Aerobic Environment.
Aerobic-Anaerobic. Figure 264 shows a comparison of the potassium con­
centrations in slurry wastewaters prepared with South Bel Air coal and second­
ary-treated municipal wastewater in aerobic and anaerobic environments. Forty 
percent solids s lurries were used to develop the slurry wastewaters. The av-
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erage potassium c o n c e n t ra t io n s  were 7.6  and 7 .7  mi l l i g r a m s  per l i t e r ,  
r e s p e c t i v e l y ,  f o r  the aerob ic  and anaerobic s l u r r i e s .  As shown by the f i g u r e ,  
the d i f f e r e n c e  in  the potassium c o n c e n t ra t io n s  was s l i g h t .
F igure 264: Comparison Of Potassium Concent ra t ions  In  S lu r r y  Wastewaters 
Prepared With South Bel A i r  Coal And Secondary-Treated 
M un ic ipa l  Wastewater  At 40 Percent S o l ids  In Aerobic 
And Anaerobic Environments For A Ten Day 
I n v e s t i g a t i o n .
Reuse Of S lu r r y  Wastewater As S lu r r y  Media. The in f l u e n c e  o f  the use o f  
s l u r r y  wastewater as s l u r r y  media on the potassium conce n t ra t io n s  i s  shown on 
F igure 265. As shown by the f i g u r e ,  reuse o f  the s l u r r y  wastewater r e s u l t s  in 
l a rg e r  potassium c o n c e n t ra t io n s .  However, t h i s  increase has l i t t l e  p r a c t i c a l  
s i g n i f i c a n c e  because of  the low c onc e n t ra t io ns  in v o lv e d .
Sil i c a
A e rob ic . F igure  266 i l l u s t r a t e s  the s i l i c a  conce n t ra t io ns  in  s l u r r y  
wastewaters prepared w i th  Wyodak coal  and secondary - t rea ted  mun ic ipa l  wastewa­
t e r  in  30, 40 and 50 percent  s o l i d s  s l u r r i e s .  The data were much more mixed
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than comparable data developed w i th  Wyodak coal  and d i s t i l l e d  wa te r .  Addi­
t i o n a l l y ,  the s i l i c a  concen t ra t io ns  were h igher  than comparable data developed 
w i th  d i s t i l l e d  water.  The average c onc e n t ra t io ns  f o r  the  s l u r r i e s  developed 
w i th  the secondary- t rea ted  munic ipal  wastewater were 20.7 and 20.2 m i l l i g ra m s  
per l i t e r ,  as s i l i c o n  d io x id e ,  r e s p e c t i v e l y ,  f o r  the 30 and 40 percen t  s o l i d s  
s l u r r i e s .  As shown by the f i g u r e ,  the s i l i c a  conce n t ra t io ns  in  the 50 percen t
s o l id s  s l u r r i e s  e x h ib i t e d  a g e n e ra l l y  decreas ing t rend  and averaged 25 
m i l l ig ra m s  per l i t e r .
A comparison o f  the s i l i c a  c once n t ra t io ns  in  s l u r r y  wastewaters prepared 
w i th  Wyodak coa l ,  and d i s t i l l e d  water and secondary - t rea ted  m un ic ipa l  wastewa­
te r  i s  shown on Figure 267. The d i f f e r e n c e s  in  the ra te s  o f  s o l u t i o n  are e v i ­
dent from these curves.  These data represen t  40 percen t  s o l i d s  s l u r r i e s .
Figure 265: Comparison Of Potassium Concentra t ions In  S lu r r y  Wastewa te rs  
Wastewaters Prepared Wi t h  Once-Through And Recycled 
S lu r r y  Wastewate rs ,  And South Bel A i r  Coal At  50 
Percent S o l id s .
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F igure  266: Comparison Of S i l i c a  Concen t ra t ions  In S lu r r y  Wastewaters  
Prepared Wi t h  Wyodak Coal And Secondary-Treated 
Mu n i c i p a l  Wastewate r  At 30, 40 and 50 Percent 
So l ids  In  An Aerobic Environment.
F igu re  267: Comparison Of S i l i c a  Concent ra t ions  In S lu r r y  Wastewaters 
Prepared Wi t h  Wyodak Coal, And D i s t i l l e d  Wa te r  And 
Secondary-Treated Mu n i c ip a l  Wastewater  At 40 
Percent S o l id s  In An Aerobic Environment.
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Figure 268 prov ides  s i b i l a r  data f o r  50 percen t s o l i d s  s l u r r i e s  w i th  the 
same coal  and water sources. The s u b s ta n t ia l  ra tes  o f  s o l u t i o n  o f  the s i l i c a  
in d ic a te d  by the 40 and 50 percen t s o l i d s  curves in the d i s t i l l e d  water s tu d ­
ies were not c o n s i s te n t .  That i s ,  the ra tes  o f  s o l u t i o n  were n e a r ly  zero in 
some t e s t s  and were s i g n i f i c a n t  in  o the rs .
F igure  269 shows a compar ison o f  the s i l i c a  c oncen t ra t ions  in  s l u r r y  
wastewaters prepared w i th  South Bel A i r  co a l .  Wa te r  sources used were d i s ­
t i l l e d  water and secondary - t rea ted  mu n i c ip a l  wastewater.
Figure 268: Compar ison  Of S i l i c a  Concent ra t ions In S lu r r y  Wastewaters  
Prepared Wi t h  Wyodak Coal, And D i s t i l l e d  Wa te r  And 
Secondary-Treated Munic ipal  Wastewater  At 50 
Percent S o l ids  In An Aerobic Environment.
A n e r o b i c .  S i l i c a  concen t ra t ions  in  aerob ic  and anaerobic env i ronments 
f o r  a ten day i n v e s t i g a t i o n  are shown on F igure  270. As in d ic a te d  by t h i s  
f i g u r e ,  the s i l i c a  concen t ra t ions  in  the s l u r r y  wastewaters prepared in  the 
anaerobic env i ro nment were c o n s i s t e n t l y  h igher  than those in  the aerob ic  s l u r -
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r i e s .  The average c o n c e n t ra t io n s  were 5.1 and 5.8  M i l l i g r a n s  per  l i t e r ,  
r e s p e c t i v e l y ,  f o r  the aerob ic  and anaerob ic  s l u r r i e s .  These data were d e v e l ­
oped w i th  South Bel A i r  coal  and s ec on da ry - t rea ted  mu n i c i p a l  wastewater w i th  
40 percen t  s o l i d s  s l u r r i e s .
F igure  271 shows a comparison o f  the s i l i c a  c o n c e n t ra t io n s  in  s l u r r y  
wastewaters prepared w i th  South Bel A i r  c o a l .  As in d ic a te d  by the f i g u r e ,  the 
s i l i c a  c o n c e n t ra t io n s  in  the mu n i c i p a l  wastewater s l u r r y  were c o n s i s t e n t l y  
h igher  than those in  the d i s t i l l e d  water s l u r r y .  The average values were 3.6 
and 5.1 mi l l i g r a ms per l i t e r ,  r e s p e c t i v e l y ,  f o r  s l u r r y  wastewaters prepared 
w i th  d i s t i l l e d  water and secon da ry - t rea ted  M un ic ipa l  wastewater in  an aerob ic  
envi ronMent .
F igu re  269: Comp a r is o n  Of S i l i c a  Concen t ra t ions  In S lu r r y  Wastewaters 
Prepared Wi t h  South Bel A i r  Coal And D i s t i l l e d  Wa te r  
And Secondary-Treated Mun ic ipa l  Wastewa te r  At 40 
Percent S o l id s  In An Aerobic Env ironment .
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Figure  270: Comparison Of S i l i c a  Concent ra t ions  In S l u r r y  Was tewate rs  
Prepared Wi t h  South Bel A i r  Coal And Seconday-Treated 
Munic ipa l  Wastewater  At 40 Percent So l ids  In 
Aerob ic And Anaerobic Environments For A 
Ten Day I n v e s t i g a t i o n .
Figure 271: Comparison Of S i l i c a  Concent ra t ions  In  S lu r r y  Was tewate rs  
Prepared Wi t h  South Bel A i r  Coal , And D i s t i l l e d  Wa te r  
And Secondary-Treated Mun ic ipa l  Wastewate r  At 40 
Percent S o l ids  In An Aerobic Environment For 
A Ten Day I n v e s t i g a t i o n .
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A s i m i l a r  comparison o f  the  s i l i c a  conce n t ra t io n s  in  s l u r r y  wastewaters 
prepared w i th  an anaerobic environment i s  shown on F igure  272. The average 
s i l i c a  c onc e n t ra t io ns  were 3.8 and 5.8 m i l l i g ra m s  per l i t e r  f o r  the d i s t i l l e d  
water and seconda ry - t rea ted  mun ic ipa l  wastewater s l u r r i e s ,  r e s p e c t i v e l y .  The 
s o l i d s  c o n c e n t ra t io n  used was 40 pe rcen t .
F igu re  272: Comparison Of S i l i c a  Concen t ra t ions  In  S lu r r y  Wastewaters 
Prepared Wi t h  South Bel A i r  Coal , And D i s t i l l e d  Wa te r  
And Secondary-Treated Mu n i c i p a l  Wastewate r  At 40 
Percent S o l id s  In An Anaerobic Environment 
For A Ten Day I n v e s t i g a t i o n .
A e rob ic-Anaerob ic .  Figure 273 shows a comparison o f  the s i l i c a  
conc e n t ra t io n s  in  s l u r r y  wastewaters prepared w i th  South Bel A i r  coal  and sec­
ond a ry - t re a te d  m uc ic ipa l  wastewater.  Fo r ty  percen t s o l i d s  s l u r r i e s  were used 
to  develop the da ta .  As in d ic a te d  by the f i g u r e ,  the anaerobic data were 
g re a te r  than the aerob ic  data th roughout  the run . The average c oncen t ra t ions  
were 5.1 and 5.8 mi l l i g r a m s  per l i t e r  f o r  the aerob ic  and anaerobic  da ta ,  r e ­
s p e c t i v e l y .
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Figure  273: Compar ison  Of S i l i c a  Concent ra t ions  In S lu r r y  Wastewaters
Prepared Wi t h  South Bel A i r  Coal And Secondary 
Treated Mun ic ipa l  Wastewater At 40 Percent 
So l ids  In Aerobic And Anaerobic 
Env i ronments For A Ten Day 
I n v e s t i g a t i o n .
Reuse of  S lu r r y  Wastewater  As The S lu r r y  Media. The s i l i c a  concen t ra ­
t i o n s  in  the Mun ic ipa l  wastewater and recyc led  M un ic ipa l  wastewater s l u r r i e s  
are shown on Figure 274 These data were developed using  50 pe rcen t  s o l i d s  
s l u r r i e s  prepared w i th  South Bel A i r  co a l .  A f t e r  the i n i t i a l  60 hours ,  the 
s i l i c a  conce n t ra t io ns  reMained nea r ly  cons tant  f o r  the reMainder o f  the  in v e s ­
t i g a t i o n  f o r  both the once-through and recyc led  M un ic ipa l  wastewater s l u r r i e s .
Sodium
Aerob ic .  Figure 275 shows the s o d iu m c o n c e n t ra t io n s  in  s l u r r y  wastewa­
te r s  prepared w i th  Wyodak coal  and seconda ry - t rea ted  mu n ic ip a l  wastewater .  
So l ids  c once n t ra t io ns  o f  30, 40 and 50 percent  were used in  the deve lopment o f
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the da ta .  The average sodiun conce n t ra t io ns  Mere 27, 37 and 45 mi l l i g r a ms per 
l i t e r  f o r  the 30, 40 and 50 percen t s o l i d s  s l u r r i e s ,  r e s p e c t i v e l y .  More v a r i ­
a t i o n  in the data was in d ic a te d  as the s o l i d s  con ten t  o f  the s l u r r i e s  i n ­
creased. That i s ,  the data f o r  the 40 percen t s o l i d s  s l u r r y  were More v a r i a ­
b le  than the 30 percent  s o l i d s  s l u r r y  da ta .  S imi l a r l y ,  the 50 percen t  s o l i d s  
s l u r r y  data were more v a r ia b le  than data f o r  the 40 percen t  s o l i d s  s l u r r y .  In 
genera l ,  the f i n a l  concen t r a t i o n s  were i n d i c a t i v e  o f  the  i n i t i a l  concen t ra ­
t i o n s .
The sod ium data f o r  s l u r r i e s  prepared w i th  d i s t i l l e d  water and secondary- 
t r e a te d  mu n i c ip a l  wastewater are shown on F igure  276. Wyodak coa l  a t  40 p e r ­
cent s o l i d s  was used. The average c once n t ra t io ns  were 31 and 36 M i l l i g ra M s  
per l i t e r  f o r  s l u r r i e s  f o r med w i th  d i s t i l l e d  water and secondary - t rea ted  mu ­
n i c i p a l  wastewater,  r e s p e c t i v e l y .  The background c o n c e n t ra t io n  in  the mu n i c i -
F igure  274: S i l i c a  Concent ra t ions  In  S lu r r y  Wastewate rs  Prepared Wi t h
Once-Through And Recycled Mun ic ipa l  Wastewater 
And South Bel A i r  Coal At 50 Percent S o l id s .
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Figure 275; Comparison Of Sodium Concentrations In S lu rry  Wastewaters 
Prepared Wi th  Wyodak Coal And Secondary-Treated 
Mun ic ipa l Wastewater At 30, 40 and 50 
Percent Solids In An Aerobic 
Environment.
Figure 276: Comparison Of Sodium Concentrations In S lurry  Wastewaters 
Prepared Wi th  Wyodak Coal, And D is t i l le d  Water And 
Secondary-Treated Mun ic ipa l Wastewater At 40 
Percent Solids In An Aerobic Environment.
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pal wastewater p r i o r  to  f o rm a t io n  o f  the  s l u r r y  was 12 m i l l i g ra m s  per l i t e r .  
Thus, the background and d i s t i l l e d  water s l u r r y  conce n t ra t io ns  were not 
s t r i c t l y  a d d i t i v e .
F igure  277 presents  a s i m i l a r  comparison o f  the  s o d iu m data f o r  50 p e r ­
cent s o l i d s  s l u r r i e s  prepared w i th  Wyodak c o a l .  D i s t i l l e d  water  and secondar­
y - t r e a t e d  mu n i c i p a l  wastewater were a lso  used in  the development o f  these 
data .  The average c o n c e n t ra t io n s  were 38 and 45 m i l l i g ra m s per l i t e r ,  respec­
t i v e l y ,  f o r  the d i s t i l l e d  water and seconda ry - t rea ted  M un ic ipa l  wastewater 
s l u r r i e s .  The background c o n c e n t ra t io n  in  the mu n i c i p a l  wastewater was 14 
mi l l i g r a m s  per l i t e r .
F igure  278 i l l u s t r a t e s  the e f f e c t  o f  M ix ing speed on sod ium concen t ra ­
t i o n s  in  s l u r r y  wastewaters prepared w i th  Wyodak coal  and secondary - t rea ted  
mu n i c i p a l  wastewater.  These curves rep resen t  40 percent  s o l i d s  s l u r r i e s .  The
Figure  277: Compar ison  Of SodiuM Concent ra t ions  In S lu r r y  Wastewate rs  
Prepared With Wyodak. Coal,  And D i s t i l l e d  Wa te r  And 
Secondary-Treated Mun ic ipa l  Wastewate r  At 50 
Percent S o l ids  In An Aerobic Environment.
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average concen t ra t ions  in  the 30 percent s o l i d s  s l u r r i e s  were 27 m i l l i g ra m s  
per l i t e r  f o r  both s l u r r i e s .  The average sodium c onc e n t ra t io ns  were 37 m i l l i ­
grams per l i t e r  f o r  the 40 percent s l u r r i e s .  The background sodium concentra­
t i o n s  in  the Munic ipa l  wastewaters were 8, 12 and 14 m i l l i g ra m s  per l i t e r  f o r  
the 30, 40 and 50 percen t s o l i d s  s l u r r i e s ,  r e s p e c t i v e l y .
F igure  279 shows the sod ium c oncen t ra t ions  as fu n c t io n s  o f  n i x in g  speed 
and d e ten t io n  t i n e  f o r  50 percent s o l i d s  s l u r r i e s  prepared w i th  Wyodak coal 
and secondary - t rea ted  mu n i c ip a l  wastewater.  The average conce n t ra t io ns  were 
45 and 46 mi l l i g r a ms per l i t e r ,  r e s p e c t i v e l y ,  f o r  s l u r r y  wastewaters nixed at
the lower and h igher  speeds.
Figure 278: Comparison Of Sodium Concentra t ions In  S lu r r y  Wastewaters  
Prepared Wi t h  Wyodak. Coal And Secondary-Treated 
Wastewa te r  At 40 Percent S o l id s  Wi t h  Two 
Mixing Speeds In An Aerobic 
Environment.
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F igure  280 shows a s i m i l a r  comparison o f  the s o d ium c onc e n t ra t io ns  in  30 
percent s o l i d s  s l u r r i e s  prepared w i th  Wyodak coal and seconda ry - t rea ted  mu n ic ­
ip a l  wastewater at  the two mix i n g  speeds. The average c o n c e n t ra t io n s  were 27 
mi l l i g r a m s  per l i t e r  f o r  both mi x i n g  speeds. Only s l i g h t  d i f f e r e n c e s  in  so­
dium c onc e n t ra t io ns  were apparent between the two mix i n g  speeds.
The sodium conc e n t ra t io n s  in  40 percent  s o l i d s  s l u r r i e s  prepared w i th  
secondary - t rea ted  mun ic ipa l  wastewater and the two coa ls  are shown on Figure 
281. The average c onc e n t ra t io ns  were 37 and 49 m i l l i g ra m s  per l i t e r  f o r  the 
s l u r r y  wastewaters prepared w i th  Wyodak and South Bel A i r  c o a ls ,  r e s p e c t i v e l y .
Ae rob ic -Ane rob ic .  Figure 282 p rov ides  a comparison o f  the sod ium con­
c e n t r a t i o n s  in  s l u r r y  wastewaters prepared w i th  South Bel A i r  c o a l .  Forty 
percen t  s o l i d s  s l u r r i e s  were used to  develop these da ta .  Only r e l a t i v e l y  
smal l  d i f f e r e n c e s  in  the sodium c onc e n t ra t io ns  were observed except near the 
end o f  the study.
F igure  279: Comparison Of Sodium Concent ra t ions  In S lu r r y  Wastewaters  
Prepared Wi t h  Wyodak Coal And Secondary-Treated 
Mun ic ipa l  Wastewater At 50 Percent S o l ids  Wi t h  
Two Mixing Speeds In An Aerobic Environment.
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Figure 280: Comparison Of Sodium Concentra t ions In S lu r r y  Wa s te wa te rs  
Prepared Wi t h  Kyodak Coal And Secondary-Treated 
Munic ipal  Wastewater At 30 Percent S o l id s  Wi t h  
Two Mixing Speeds In An Aerobic Environment.
Figure  281: Comparison Of Sodium Concentrat ions  In  S lu r r y  Wastewaters  
Prepared Wi t h  Wyodak And South Bel A i r  Coals,  And 
Secondary-Treated Munic ipal  Wastewater  At 40 
Percent So l ids  In An Aerobic Environment.
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F igure  282 : Comparison Of Sodium Concent ra t ions  In S lu r r y  Was tewate rs  
Prepared Wi t h  South Bel A i r  Coal And Secondary-Treated 
Mun ic ipa l  Wastewater At 40 Percent  S o l id s  In 
Aerobic And Anaerobic Environments For 
A Ten Day I n v e s t i g a t i o n .
Reuse Of S lu r r y  Wastewater  As The S lu r r y  Media. The sodium concen t ra ­
t i o n s  in  s l u r r y  wastewaters using non-recyc led  and recyc led  secondary - t rea ted  
mun ic ipa l  wastewater are shown on F igure  283. As shown by t h i s  f i g u r e ,  the 
sodium conce n t ra t io ns  increased w i th  the reuse o f  the s l u r r y  wastewater as 
s l u r r y  media. The c once n t ra t io ns  approx im ate ly  doubled as a r e s u l t  o f  the 
reuse. These data were developed us ing South Bel A i r  co a l .  
D is s o lv e d  S o l id s
Aerob ic .  The r e l a t i o n s h i p s  between d isso lve d  s o l i d s  and d e te n t io n  t ime 
f o r  s l u r r y  wastewaters prepared w i th  Wyodak coal  and seconda ry - t rea ted  m un ic i ­
pal  wastewater are shown on Figure 284. I n i t i a l l y  in c rea s ing  c once n t ra t io ns
Figure  283: Comparison Of Sodium Concent ra t ions  In S lu r r y  Wastewaters
Prepared Wi t h  Once-Through And Recycled S lu r r y  
Was tewa t e r s ,  And South Bel A i r  Coal 
At 50 Percent S o l id s .
were ev iden t  f o r  a l l  th ree  s o l i d s  s l u r r i e s .  For the 30 and 40 pe rcen t  s o l i d s  
s l u r r i e s ,  the f i n a l  d isso lved  s o l i d s  conce n t ra t io ns  were e s s e n t i a l l y  r e p r e ­
s e n ta t i v e  o f  the i n i t i a l  c o n c e n t ra t io n s .  A f t e r  the i n i t i a l  inc rease ,  the  d i s ­
solved s o l i d s  in  the 50 percen t s o l i d s  s l u r r i e s  decreased th roughout  the r e ­
mainder o f  the i n v e s t i g a t i o n .  The average c o n c e n t ra t io n s  were 655, 915 and 
1,250 m i l l i g ra m s  per l i t e r ,  r e s p e c t i v e l y ,  f o r  the 30, 40 and 50 pe rcen t  s o l i d s  
s l u r r i e s .  The background c onc e n t ra t io ns  in  the seconda ry - t rea ted  mun ic ipa l  
wastewater  were 280, 355 and 335 m i l l i g ra m s  per l i t e r  f o r  the 30, 40 and 50 
percent s o l i d s  s l u r r i e s ,  r e s p e c t i v e l y .
F igure 285 shows the d isso lved  s o l i d s  data f o r  30, 40 and 50 percen t  s o l ­
ids s l u r r i e s  prepared w i th  South Bel A i r  coal  and seconda ry - t rea ted  munic ipa l  
wastewater.  The average d isso lved  s o l i d s  c o n c e n t ra t io n s  were 520, 825 and 
1,125 m i l l i g ra m s  per l i t e r ,  r e s p e c t i v e l y ,  f o r  30,  40 and 50 pe rcen t  s o l i d s  
s l u r r i e s .  S l i g h t  tendenc ies  f o r  in c re a s in g  d isso lved  s o l i d s  as a f u n c t i o n  o f
285
286
Figure 284: Comparison Of Disso lved S o l ids  Concent ra t ions In S lu r r y  
Wastewaters Prepared With Wyodak Coal And Secondary 
Treated Munic ipa l  Wastewater At 30, 40 and 50 
Percent S o l ids  In An Aerobic Environment.
Figure  285: Comparison Of Dissolved So l ids  Concent ra t ions In S lu r ry  
Wastewaters Prepared With South Bel A i r  Coal And 
Secondary-Treated Munic ipal  Wastewater At 30,
40 and 50 Percent So l ids  In An Aerobic 
Environment.
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t i me were apparent f o r  a l l  th ree  s l u r r i e s .  The background conc e n t ra t io n s  were 
385, 305 and 365 mi l l i g r a m s  per l i t e r  f o r  the 30, 40 and 50 pe rcen t  s o l i d s  
s l u r r i e s ,  r e s p e c t i v e l y .
A comparison o f  the d isso lved  s o l i d s  conc e n t ra t io n s  in  s l u r r y  wastewaters 
prepared w i th  Wyodak coal  at  50 percent  s o l i d s  i s  shown on Figure 286. The 
average conce n t ra t io ns  were 980 and 1,250 m i l l i g ra m s  per l i t e r  f o r  the d i s ­
t i l l e d  water and secondary - t rea ted  mun ic ipa l  wastewater ,  r e s p e c t i v e l y .  The 
background c o n c e n t ra t io n  in  the mun ic ipa l  wastewater p r i o r  to  fo rm a t ion  o f  the  
s l u r r y  was 335 m i l l i g ra m s  per l i t e r .
Figure 286: Comparison Of D isso lved  S o l id s  Concent ra t ions  In  S lu r r y  
Wastewaters  Prepared Wi t h  Wyodak Coal, And D i s t i l l e d  
Wa te r  And Secondary-Treated M un ic ipa l  Wastewater  
At 50 Percent S o l id s  In An Aerobic Environment.
A s i m i l a r  comparison o f  d i s s o lv e d  s o l i d s  data in  40 percen t  s o l i d s  s l u r ­
r i e s  i s  shown on F igure  287. The average conc e n t ra t io n s  were 725 and 915 m i l -
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l i g r a ms per l i t e r  f o r  the s l u r r y  wast ewaters prepared w i th  d i s t i l l e d  water and 
secondary - t rea ted  mu n i c ip a l  wastewater.  The background c o n c e n t ra t io n  in  the 
Mun ic ipa l  wastewater was 355 M i l l ig raM S per l i t e r .
Figure 288 shows the d isso lve d  s o l i d s  data as a f u n c t i o n  o f  de ten t ion  
t i me f o r  40 percent s o l i d s  s l u r r i e s  prepared w i th  South Bel A i r  c o a l .  The av­
erage c oncen t ra t ions  were 540 and 825 mi l l i g r a ms per l i t e r ,  r e s p e c t i v e l y ,  f o r  
s l u r r y  wastewaters prepared w i th  d i s t i l l e d  water and secondary - t rea ted  M un ic i ­
pal wastewater.  The background conce n t ra t io n  in  the Mun ic ipa l  wastewater was 
305 mi l l i g r a ms per l i t e r .
A s i M i l a r  compar ison  o f  the d isso lved  s o l i d s  data f o r  the 50 percent  s o l ­
ids s l u r r i e s  i s  shown on Figure  289. The average conc e n t ra t io n s  were 970 and 
1,125 mi l l i g r a ms per l i t e r ,  r e s p e c t i v e l y ,  f o r  the d i s t i l l e d  water and second­
a r y - t r e a t e d  Munic ipa l  wastewater. The background conce n t ra t io n  in  the M un ic i ­
pal  wastewater was 365 mi l l i g r a ms per l i t e r .
Figure 287: Compar ison Of D isso lved S o l id s  Concent ra t ions  In  S lu r r y  
Wastewaters  Prepared Wi t h  Wyodak Coal, And D i s t i l l e d  
Wa te r  And Secondary-Treated Mun ic ipa l  Wastewater  
At 40 Percent S o l ids  In An Aerobic Env ironment .
Figure 288: Comparison Of D isso lved S o l id s  Concent ra t ions  In  S lu r r y  
Wastewaters  Prepared U i th  South Bel A i r  Coal , And 
D i s t i l l e d  Wa te r  And Secondary-Treated M un ic ipa l  
Wastewater At 40 Percent S o l id s  In  An 
Aerobic Environment.
F igure  289: Comparison Of Disso lved S o l ids  Concen t ra t ions  In  S lu r r y  
Wastewaters  Prepared Wi t h  South Bel A i r  Coal , And 
D i s t i l l e d  Wa t e r  And Secondary-Treated Mun ic ipa l  




F igure  290 shows the d isso lved  s o l i d s  data f o r  an eleven day i n v e s t i g a ­
t i o n .  Fo r ty  percen t  s o l i d s  s l u r r i e s  were used in  the development o f  these 
data .  South Bel A i r  coal  and seconda ry - t rea ted  mu n i c ip a l  wastewater were used 
to forM the s l u r r y .  The average c o n c e n t ra t io n  was 1,180 m i l l i g ra m s  per l i t e r .
F i g u r e  29 0 :  Comparison Of Disso lved S o l id s  Concent ra t ions  In  S lu r r y  
Wastewaters  Prepared Wi t h  South Bel A i r  Coal And 
Secondary-Treated Mun ic ipa l  Wastewater At 40 
Percent S o l id s  In An Aerobic Environment 
For A Ten Day I n v e s t i g a t i o n .
Anaerobic - The d isso lved  s o l i d s  conce n t ra t io ns  in  s l u r r y  wastewaters 
prepared w i th  South Bel A i r  coal  and secondary - t rea ted  mu n i c ip a l  wastewater in 
an anaerobic environMent are shown on Figure 291. The average concen t ra t ion  
was 1,140 mi l l i g r a ms per l i t e r .  Fo r ty  percen t  s o l i d s  s l u r r i e s  were used to  
develop these data .
A e ro b ic - Anaerob ic . A compar ison  o f  the d isso lved  s o l i d s  c oncen t ra t ions  
in  s l u r r y  wastewaters prepared in  aerob ic  and anaerobic env i ronments i s  shown 
on F igure  292. As shown by the f i g u r e ,  the d isso lved  s o l i d s  were n ea r ly  the 
same th roughout  Most of the i n v e s t i g a t i o n .  V a r i a t i o n s  were ev iden t  near the
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Figure 291: Compar ison  Of Disso lved S o l ids  Concen t ra t ions  In  S lu r r y  
Wastewaters Prepared Wi t h  South Bel A i r  Coal And 
Secondary-Treated Mun ic ipa l  Wastewater At 40 
Percent S o l id s  In An Anaerobic Env i ronment  
For A Ten Day I n v e s t i g a t i o n .
end o f  the s tudy.  For the anaerobic da ta ,  the i n i t i a l  c o n c e n t ra t io n  was es­
s e n t i a l l y  r e p re s e n ta t i v e  o f  the c o n c e n t ra t io n s  measured th roughout  the  eleven 
day i n v e s t i g a t i o n .  South Bel A i r  coa l  and secon da ry - t rea ted  M un ic ipa l  waste- 
water were used to  forM the s l u r r i e s .  The average c o n c e n t ra t io n s  were 1,180 
and 1,140 mi l l i g r a ms per l i t e r ,  r e s p e c t i v e l y ,  f o r  s l u r r y  wastewaters prepared 
in aerob ic and anaerobic e n v i ro n me n t s .
Reuse Of S lu r r y  Wastewater As S lu r r y  Media. F igure  293 shows the d i s ­
solved s o l i d s  conce n t ra t io ns  in nonrecyc led and re cyc led  s l u r r y  wastewaters 
prepared w i th  secondary - t rea ted  Mun ic ipa l  wastewater and South Bel A i r  coal  at  
f i f t y  percent  s o l i d s .  As shown by the  f i g u r e ,  the  d i s s o lv e d  s o l i d s  in  the 
recyc led  s l u r r i e s  were s u b s t a n t i a l l y  h ighe r  than those in  the nonrecyc led  
s l u r r i e s .  Both s l u r r y  wastewaters e x h ib i t e d  an i n i t i a l  increase in  s o l i d s ,
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Figure 292: Comparison Of D issolved S o l ids  Concen t ra t ions  In S lu r r y  
Wastewaters  Prepared Wi t h  South Bel A i r  Coal And 
Secondary-Treated Mun ic ipa l  Was tewater  At 40 
Percent S o l ids  In Aerobic And Anaerobic 
Environments For A Ten Day 
I n v e s t i g a t i o n .
but the c once n t ra t io ns  were r e l a t i v e l y  steady th roughout  the remainder o f  the 
i n v e s t i g a t i o n s .  The average c o n c e n t ra t io n s  were 1,125 and 3,090 mi l l i g r a m s  
per l i t e r ,  r e s p e c t i v e l y ,  f o r  the nonrecyc led and recyc led  s l u r r y  wastewaters.
Spec i f i c  C onduc tance
Aerob ic .  F igure 294 shows the s p e c i f i c  conductance values f o r  s l u r r y  
wastewaters prepared w i th  Wyodak coal  and secondary - t rea ted  mun ic ipa l  wastewa­
t e r .  As shown by the f i g u r e ,  the genera l  tendency f o r  the 30 percen t  s o l i d s  
s l u r r i e s  was f o r  s l i g h t l y  in c reas ing  s p e c i f i c  conductance values as a f u n c t io n  
o f  d e ten t io n  t im e.  The average s p e c i f i c  conductance was 1,110 micromhos per 
c en t im e te r .  The s p e c i f i c  conductance values o f  the 40 percen t s o l i d s  s l u r r y  
va r ied  w i th  in c rea s ing  de ten t io n  t im e.  The range was from 1,430 to  1,810 mi-
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Figure 293: Comparison Of Disso lved S o l id s  Concen t ra t ions  In S lu r r y  Waste 
waters Prepared Wi t h  South Bel A i r  Coal And Nonrecycled and 
Recycled Secondary-Treated M un ic ipa l  Wastewater  At 50 
Percent S o l id s  In An Aerobic Environment.
c r o mhos per cen t im e te r  w i th  an average o f  1,590 micromhos per c e n t im e te r .  A 
general  tendency f o r  in c re a s in g  s p e c i f i c  conductance va lues  du r ing  the i n i t i a l  
tw e n ty - fo u r  hours fo l l o w e d  by decreas ing  values f o r  the remainder  o f  the run 
was e x h ib i t e d  by the 50 percent s o l i d s  s l u r r y  da ta .  The average s p e c i f i c  con­
ductance was 2,010 micromhos per c en t im e te r  f o r  the percen t  s o l i d s  s l u r r i e s .  
The background s p e c i f i c  conductance va lues  were 570, 760 and 710 micromhos per 
c e n t im e te r .  The f i n a l  s p e c i f i c  conductance values f o r  the th ree  s l u r r i e s  were 
w i t h in  the range of  from 1,250 to  1,700 micromhos per c e n t im e te r .
F igure 295 shows the s p e c i f i c  conductance values in  s l u r r y  wastewaters 
prepared w i th  South Bel A i r  coal and secon da ry - t rea ted  m un ic ipa l  wastewater .  
The genera l  t rends  f o r  the 30 and 40 percen t  s o l i d s  s l u r r i e s  was f o r  s l i g h t l y
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Figure  294: Comparison Of S p e c i f i c  Conductance Values In S lu r r y  Wastewaters 
Prepared Wi t h  Wyodak Coal And Secondary-Treated Munic ipa l  
Wastewater  At 30, 40 and 50 Percent S o l id s  In  An 
Aerobic Environment.
in c re a s in g  s p e c i f i c  conductance values w i th  in c rea s ing  d e te n t io n  t im e.  The 
o v e r a l l  t rend  f o r  the 50 percen t s l u r r i e s  was a lso f o r  in c rea s ing  s p e c i f i c  
conductance va lues ,  but a t  a h igher  r a t e .  The average values were 960, 1,570
and 2,180 micromhos per cen t im e te r  f o r  the 30, 40 and 50 percen t s o l i d s  
s l u r r i e s ,  r e s p e c t i v e l y .  The background conce n t ra t io ns  were 860, 720 and 930 
micromhos per c e n t im e te r .
Figure 296 shows comparisons o f  the s p e c i f i c  conductance values in  s l u r r y  
wastewaters prepared w i th  South Bel A i r  coal  and secondary - t rea ted  munic ipa l  
wastewater a t  two mix ing speeds. As shown by the f i g u r e ,  the re  were on ly  nom­
in a l  d i f f e r e n c e s  between the s l u r r i e s  mixed w i th  the lower and h ighe r  speeds. 
Fo l low ing  i n i t i a l  increases in  s p e c i f i c  conductance, the values remained about 
the same f o r  the remainder o f  the i n v e s t i g a t i o n .  Fo r ty  percent s o l i d s  s l u r ­
r i e s  were used in  the development o f  these data.
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Figure 295: Comparison Of S p e c i f i c  Conductance Values In  S lu r r y  Wastewate rs  
Prepared Wi t h  South Bel A i r  Coal And Secondary-Treated 
Munic ipal  Wastewater  At 30, 40 And 50 Percent S o l id s  
In An Aerobic Environment.
Aerob ic -Anaerob ic .  Figure 297 p rov ides  a comparison o f  the  s p e c i f i c  con­
ductance values in s l u r r y  wastewaters prepared w i th  South Bel A i r  coa l  and 
secondary-t reated munic ipa l  wastewater.  For ty  percen t s o l i d s  s l u r r i e s  were
use to  develop these da ta .  Wi t h  the excep t ion  o f  the  f i n a l  sample,  the spe­
c i f i c  conductance values were about the same throughout  most o f  the  i n v e s t i g a ­
t i o n .
Reuse Of S lu r r y  Wastewater As The S lu r r y  Media. Figure 298 shows the  
s p e c i f i c  conductance values in s l u r r y  wastewaters prepared w i th  once-through 
and recyc led  secondary- t rea ted  munic ipa l  wastewater.  S u b s ta n t i a l  inc reases  in  
the s p e c i f i c  conductance values re s u l t e d  from the use o f  the s l u r r y  wastewater 
as the s l u r r y  media as shown on Figure 298. The c o n c e n t ra t io n s  were more than 
doubled by the reuse.
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Figure 296: Comparison Of S p e c i f i c  Conductance Values In S lu r r y  Wastewaters  
Prepared Wi t h  South Bel A i r  Coal And Secondary-Treated 
Mun ic ipa l  Was tewater  At 40 Percent So l ids  
In  An Aerob ic E n v i ronmen t .
F igure 297: Comparison Of S p e c i f i c  Conductance Values In  S lu r r y  Wastewaters  
Prepared Wi t h  South Bel A i r  Coal And Secondary-Treated 
Mun ic ipa l  Wastewate r  At 40 Percent S o l id s  In Aerobic 
And Anaerobic Environments For A Ten Bay 
I n v e s t i g a t i o n .
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Figure  298: Compar ison  Of S p e c i f i c  Conductance Values In  S l u r r y  Wastewa te rs  
Prepared Wi t h  Once-Through And Recycled Secondary-Treated 
M un ic ipa l  Wastewate r  And South Bel A i r  Coal At 50 
Percent S o l id s .
Sulfate
Aerob ic .  F igure  299 shows the s u l f a t e  c o n c e n t ra t io n s  in  s l u r r y  wastewa­
te r s  prepared w i th  mu n i c i p a l  wastewater in  an aerob ic  e n v i r o n me n t .  These 
curves i l l u s t r a t e  the s u l f a t e  c o n c e n t ra t io n s  f o r  Wyodak and South Bel A i r  
coals at  40 percent s o l i d s .  As in d i c a te d ,  the s u l f a t e  c o n c e n t ra t io n s  in  the  
wastewaters prepared w i th  South Bel A i r  coa l  were l a r g e r  than those in  waste- 
waters prepared w i th  Wyodak co a l .  The average c o n c e n t ra t io n s  were 450 and 505 
mi l l i g r a ms per l i t e r ,  r e s p e c t i v e l y ,  f o r  the Wyodak and South Bel  A i r  c o a ls .
Both s l u r r y  wastewaters e x h ib i t e d  a tendency f o r  in c re a s in g  c o n c e n t ra t io n s  as 
a f u n c t i o n  o f  t i me. Ne i the r  wastewater reached an e q u i l i b r i u m  c o n d i t i o n  
w i t h in  the s i x t y  hour t e s t  pe r io d .
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A comparison o f  the s u l f a t e  conce n t ra t io ns  in  s l u r r y  wastewaters produced 
w i th  South Bel A i r  coal  w i th  30, 40 and 50 percent  s o l i d s  i s  shown on Figure 
300. As would be expected,  the s u l f a t e  c onc e n t ra t io ns  increased w i th  in c re a s ­
ing s o l i d s  c o n c e n t ra t io n .  The genera l  t rend  f o r  a l l  th ree  s o l i d s  l e v e l s  was 
f o r  in c re a s in g  s u l f a t e  c onc e n t ra t io ns  as a f u n c t io n  o f  t im e .  The r a te  o f  i n ­
crease was c l e a r l y  a f u n c t io n  o f  s o l i d s  conce n t ra t io n  w i th  the h igher  s o l i d s  
c o n c e n t ra t io n s  having g re a te r  ra te s  o f  in c rea s ing  s u l f a t e  c o n c e n t ra t io n s .  The 
average s u l f a t e  conc e n t ra t io n s  were 295, 505 and 790 m i l l i g ra m s  per l i t e r  f o r  
30, 40 and 50 percen t  s o l i d s  s l u r r i e s ,  r e s p e c t i v e l y .
F igure  301 shows a comparison o f  the s u l f a t e  c onc e n t ra t io ns  in  s l u r r y  
wastewaters produced w i th  South Bel A i r  coal  in  an aerob ic  envi ronment .  The 
average conc e n t ra t io n s  were 360 and 450 m i l l i g ra m s  per l i t e r ,  r e s p e c t i v e l y ,
F igu re  299: Comparison Of S u l f a te  Concent ra t ions  In S lu r r y  Wastewaters 
Prepared Wi t h  Wyodak And South Bel A i r  Coals,  And 
Secondary-Treated Mun ic ipa l  Wastewater At 40 
Percent S o l id s  In An Aerobic Environment.
F igure  3 0 0 : Comparison Of S u l fa te  Concent ra t ions  In  S lu r r y  Wastewate rs  
Prepared Wi t h  Secondary-Treated Mun ic ipa l  Wastewa te r  And 
South Bel A i r  Coal At 30, 40 and 50 Percent S o l ids  
In An Aerobic Environment.
F igure  3 0 1 : Compar ison  Of S u l fa te  Concent ra t ions  In S lu r r y  Wastewaters  
Prepared Wi t h  South Bel A i r  Coal , And D i s t i l l e d  Wa te r  
And Secondary-Treated Mun ic ipa l  Wastewate r  At 40 
Percent S o l id s  In  An Aerobic Environment.
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for the d is t i lle d  water and Municipal wastewater s lu rries . These data re fle c t 
40 percent solids levels. The background sulfate concentration was 125 M i l l i ­
grams per l i t e r .  Thus, the sulfate concentrations in the d is t i l le d  water 
slurry and in the municipal wastewater prio r to formation of the s lu rry  were 
not s t r ic t ly  additive.
Figure 302: Comparison Of Sulfate Concentrations In Slurry Wastewaters 
Prepared With South Bel Air Coal And Secondary-Treated 
Municipal Wastewater At 40 Percent Solids In 
Aerobic And Anaerobic Environments For 
A Ten Day Investigation.
Aerobic-Anaerobic. A comparison of the sulfate concentrations in slurry 
wastewaters prepared with South Bel Air coal and secondary-treated municipal 
wastewater in aerobic and anaerobic environments is  shown on Figure 302. 
Forty percent solids s lu rries were used to develop these data. As shown by 
the figure , there were only nominal differences in concentration between the 
data developed in the aerobic and anaerobic environments. The average concen­
tra tions were 650 and 620 milligrams per l i t e r ,  respectively, fo r the slurry 
wastewaters developed in the aerobic and anaerobic environments.
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Figure 303: Comparison Of Sulfate Concentrations In Slurry Wastewaters 
Prepared With Once-Through And Recycled Secondary 
Treated Municipal Wastewaters And South Bel 
Air Coal At 50 Percent Solids.
Reuse Of Slurry Wastewater As Slurry Media. Figure 303 shows the in f lu ­
ence of the reuse of the slurry wastewater on the sulfate concentrations . As 
shown by the figure, the sulfate concentrations were increased s ig n ifica n tly  
as a result of the reuse. The average concentrations in the anaerobic phase 
of the investigation were 640 and 1,930 Milligrams per l i t e r ,  respectively, 
for the once-through and recycled slurry wastewaters. F ifty  percent solids 
s lurries were used to prepare the slurry wastewaters.
Titan ium
Aerobic . Figure 304 shows the titan iun  concentrations in slurry wastewa­
ters prepared with Wyodak coal and secondary-treated municipal wastewater. 
The average concentrations were 0.69, 0.86 and 0.97 milligrams per l i t e r  fo r
the 30, 40 and 50 percent solids s lu rries , respectively. As expected, the t i ­
tanium concentrations increased as a function of the percent solids in the 
s lu rry . Examination of the data indicates that the titanium concentrations 
did not increase linearly  with respect to solids levels. Linear increases
302
would have resulted in concentrations of 0.92 and 1.08 millig ram s per l i t e r  
based on the measured 30 and 40 percent solids slurry concentrations. The 
background concentrations were 0.50, 0.61 and 0.65 milligrams per l i t e r ,  re­
spectively, for the 30, 40 and 50 percent solids s lu rries , respectively.
A comparison of the titanium concentrations in slurry wastewaters pre­
pared with South Bel Air coal and secondary-treated municipal wastewater is
shown on Figure 305. The average concentrations were 0.74, 0.87 and 0.95
millig ram s per l i t e r  for 30, 40 and 50 percent solids, respectively. The
background concentrations were 0.56, 0.60 and 0.50 milligram s per l i t e r  fo r 
the municipal wastewaters used to prepare the 30, 40 and 50 percent solids 
s lu rries , respectively.
Figure 304: T itanium Concentrations In Slurry Wastewaters Prepared With  
Wyodak Coal And Secondary-Treated Municipal Wastewater At 
30, 40 and 50 Percent Solids In Aerobic Environments.
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Figure 305: Titanium Concentrations In Slurry Wastewaters Prepared With  
South Bel Air Coal And Secondary-Treated Municipal 
Wastewater At 30, 40 and 50 Percent Solids 
In Aerobic Environment.
Figure 306 shows a comparison of the titanium concentrations in slurry 
wastewaters prepared with secondary-treated municipal wastewater, and Wyodak 
and South Bel Air coals at 50 percent solids. The average concentrations were 
0.97 and 0.95 milligrams per l i t e r ,  respectively. The background concentra­
tions were 0.65 and 0.50 milligrams per l i te r  in the municipal wastewaters 
used with the Wyodak and South Bel Air coals.
A sim ilar comparison with 40 percent solids s lu rries is shown on Figure 
307. The average titanium concentrations were 0.86 and 0.87 milligrams per 
l i t e r  for the Wyodak and South Bel A ir coal s lu rries , respectively. The back­
ground concentrations were 0.61 and 0.60 milligrams per l i t e r ,  respectively, 
for the municipal wastewaters used with the Wyodak and South Bel Air coals.
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Figure 306: Comparison Of Titanium Concentrations In Slurry Wastewaters 
Prepared With  Secondary-Treated Municipal Wastewater, And 
Wyodak And South Bel Air Coals At 50 Percent Solids 
In Aerobic Environments.
Figure 307: Comparison Of Titanium Concentrations In Slurry Wastewaters 
Prepared With  Secondary-Treated Municipal Wastewater, And 
Wyodak And South Bel Air Coals At 40 Percent Solids 
In Aerobic Environments.
Anaerobic. A comparison of the titanium concentrations in s lurry waste- 
waters prepared with South Bel Air coal and secondary-treated municipal waste- 
water in aerobic and anaerobic environments is shown on Figure 308. As in d i­
cated by the figure, the concentrations were variable, pa rticu la rly  fo r the 
data developed in the anaerobic environment. The average concentrations were 
1.50 and 1.79 milligrams per l i t e r  fo r s lurry wastewaters prepared in aerobic 
and anaerobic environments, respectively.
Figure Comparison Of Titanium Concentrations In Slurry Wastewaters
Prepared With  South Bel Air Coal And Secondary-Treated 
Municipal Wastewater At 40 Percent Solids In Aerobic 




Reuse Of Slurry Wastewater As Slurry Media. Figure 309 shows the t i ta -  
nium concentrations in slurry wastewaters prepared with once-through and recy­
cled secondary-treated municipal wastewater. As shown by the figu re , the re­
cycled slurry wastewater t ita n iu m concentrations were higher in i t ia l ly  than in 
the once-through s lu rry . However, the t ita n iu m concentrations in the recycled 
slurry wastewater migrated downward u n til the concentrations were very close 
to those in the non-recycled s lu rry . For the non-recycled s lu rry , the in i t ia l  
concentration was only s lig h tly  higher than the concentrations measured in the 
remainder of the investigation. The data show a clear tendency fo r 
establishment of concentrations to, or very close to, e q u ilib riu m concentra­
tions of about one mi l l ig r a m per l i t e r .
Figure 309: Comparison Of T itanium Concentrations In Slurry Wastewaters 
Prepared With  Once-Through And Recycled Secondary-Treated 




The purpose of th is  phase was to determine the treatment measures appli­
cable for restoring the slurry wastewater quality to acceptable levels, i f  re­
quired. An analysis of the results of the Phase I studies indicates that 
trea tment of the slurry wastewater w ill lik e ly  be required for discharge of 
the wastewater to surface watercourses. Treatment studies conducted included 
biological treatment, activated carbon tre at ment, line-soda ash softening, and 
hydroxide precip ita tion.
Biological Treatment
Laboratory activated sludge trea tment units were used to determine the 
biological tre a ta b ility  of the slurry wastewater. Several individual studies 
were conducted to verify  the reproducib ility  of the data. Twenty-seven and 
ten-day studies yielded results which are generally typ ica l. The studies were 
conducted using food-to-microorganism ratios of 0.2 and 0.6. Parameters moni­
tored included nixed liquor vo la tile  suspended solids, mixed liquor suspended 
solids, pH, soluble chemica l oxygen demand, and soluble biochemica l oxygen de­
mand. The activated sludge units were acc limated to the slurry wastewater 
prior to in it ia t io n  of the individual studies.
Twenty-Seven Day T re a ta b i l i ty  Study. The in f lu e n t s lu rry  wastewater 
cha rac te r is t ics  are included in Table 21. Figure 310 shows the nixed l iquo r 
suspended solids concentrations fo r  the twenty-seven day study. As shown by 
the f ig u re , the nixed liquo r suspended so lids concentrations decreased rap id ly  
during the f i r s t  f iv e  days of operation, then generally declined slowly over 
the next f i f te e n  days. The nixed l iquo r suspended so lids concentrations 
were quite stable during the remaining seven days of the run ranging from 20
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TABLE 21
Characteristics of Slurry Wastewater Used
in the
Twenty-Seven Day Biological Treatment Study
Parameter




























to 30 mi l l ig r a ms per l i t e r .  The laboratory activated sludge units to which 
slurry wastewater was added with a food-to-microorganism ra tio  of 0.2 had 
nixed liquor suspended solids concentrations consistently higher than the 
units representing a food-to-microorganism ra tio  of 0 . 6.
Figure 311 shows the effluent soluble chemica l oxygen demand as a function 
of tine . The soluble chemica l oxygen demand concentrations decreased steadily 
during the f i r s t  five  days corresponding with the declining nixed liquor sus­
pended solids concentrations, then fluctuated moderately during the next seven 
days. The effluent chemica l oxygen demand concentrations remained re la tive ly  
steady for the f in a l fifte e n  days of the study indicating a steady-state, or 
nearly steady-state, condition.
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Figure 310: Mixed Liquor Suspended Solids Concentrations In The 
Activated Sludge Units During The Twenty-Seven 
Day T reatab ility  Study.
Figure 311s Chemica l Oxygen Demand Concentrations In The Effluent From 
The Activated Sludge Units During The Twenty-Seven 
Day T reatab ility  Study.
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The effluent soluble five-day biochemical oxygen demand concentrations 
generally followed the same trends exhibited by the e ffluent chemical oxygen 
demand. That is , a steady decrease in e ffluent soluble five-day biochemical 
oxygen demand during the in i t ia l  five  days of the study followed by a slower 
rate of decrease (or fluctuating demand fo r the F:M=0.6 units) during the next 
seven or eight days. The effluent biochemical oxygen demand concentrations 
were re la tive ly  constant during the f in a l two weeks of the study. More varia­
tion was observed in the 0.2 food-to-microorganism ra tio  units than in the 0.4 
food-to-microorganism ra tio  units with respect to both effluent chemical and 
biochemical oxygen demand concentrations. These data are shown on Figure 312.
Figure 312: Soluble Five-Day Biochemical Oxygen Demand Concentrations In 
The Effluent From The Activated Sludge Units During The 
Twenty-Seven Day Treatab ility  Study.
Figure 313 shows the Mixed liquor v o la tile  suspended solids concentrations 
as a function of tine . These generally followed the mixed liquor suspended 
solids concentrations, but were more consistent. A steady-state condition was 
not obtained u n til the last week of the study, although the variation in  con­
centrations was re la tive ly  snail during the last three weeks of the study.
Figure 313: Nixed Liquor V o la tile  Suspended Solids Concentrations In The
Activated Sludge Units During The Twenty-Seven Day 
T rea tab ility  Study.
Figure 314 shows the pH values of the activated sludge during the study. 
The pH of the activated sludge decreased during the in i t ia l  four days of the 
study. Following th is  period, the s lu rry  wastewater was buffered w ith  potas- 
sium dibasic phosphate to keep the pH within the range of fro m 7.0 to 8.0 dur­
ing the remainder of the study.
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Figure 314: Variation In pH With T ime In The Activated Sludge Units 
During The Twenty-Seven Day T reatab ility  Study.
T reatab ility  Study. The results of the ten-day activated sludge 
study were generally sim ilar to those of the longer study. The characteris­
tics  of the in fluent water are lis ted  in Table 22.
Figure 315 presents the mixed liquor suspended solids (MLSS) concentrations 
as a function of time. Except for the in i t ia l  sample, the suspended solids 
decreased during the in i t ia l  portion of the study. Following th is period, 
the MLSS data remained re la tive ly  constant during the remainder of the study. 
Very l i t t l e  variation in mixed liquor suspended solids was observed for the 
0.6 food-to-microorganism units for the fin a l six days of the study. As in 
the longer study, the mixed liquor suspended solids concentrations for the 0.2 
food-to-microorganism ra tio  units were consistently higher than fo r the 0.6 
food-to-microorganism ra tio  units.
TABLE 22
Characteristics of Slurry Wastewater Used
in the
Ten-Day Biological Treatment Study
Parameter




























Figure 314: Mixed Liquor Suspended Solids Concentrations In The 
Activated Sludge Units During The Ten-Day 
T rea tab ility  Study.
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Figure 316 shows the effluent soluble chemica l oxygen demand concentrations 
as a function of tine . The e ffluent chemica l oxygen demand concentrations 
were consistently higher than observed during the longer run. Except for a 
drop in effluent chemica l oxygen demand during the early stage of the study, 
the effluent chemica l oxygen demand concentrations were re la tive ly  constant.
Figure 316: Soluble Chemical Oxygen Demand Concentrations In The 
Effluent From The Activated Sludge Units During 
The Ten-Day T reatab ility  Study.
Figure 317 shows the effluent five-day biochemica l oxygen demand concentra­
tions Measured during the study. The effluent concentrations decreased sig­
n ifica n tly  after the in i t ia l  three days of operation and remained approxi-
mately constant during the remainder of the study.
The pH values are plotted as a function of tine  on Figure 318. These data 
indicated a tendency for decreasing pH as a function of t i me as did the twen­
ty-seven day study.
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Figure 317: Soluble Five-Day Biochemical Oxygen Demand Concentrations In 
The Effluent From The Activated Sludge Units During 
The Ten-Day T reatab ility  Study.
Figure 318: Variation In pH With  Time In The Activated Sludge Units
During The Ten-Day T reatab ility  Study.
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The two studies indicated that bio logical treatment of the slurry waste- 
water for the reduction of biochemica l and chemica l oxygen demands is  a tech­
n ica lly  viable a lternative. Prior to design of a fu ll-sca le  biological 
trea tment system, a long-tern study u t il iz in g  the specific coal and water 
sources to be used in the fu ll-sca le  coal s lu rry pipeline system is  recom- 
mended to insure that long-tern trea tment plant operation w ill not encounter a 
buildup of toxic substances.
Activated Carbon Treatnent
Both granular and powdered activated carbon studies were conducted on the 
slurry wastewater to determine the technical fe a s ib ility  of th is  tre a tment a l­
ternative. Figure 319 shows the soluble chemica l oxygen demand concentrations 
as a function of carbon dosage for the powdered activated carbon study. As 
shown by th is  figure , the soluble chemica l oxygen demand decreased with in ­
creasing carbon dosage. However, the increased reduction in soluble chemica l 
oxygen demand concentrations achieved by the larger carbon dosages were quite 
low with dosages greater than 1.5 grans per l i t e r .  The effluent chemica l oxy­
gen demand was 13 mi l l ig r a ms per l i t e r  with a carbon dosage of 5.0 grans per 
l i te r .  This represented an eighty-two percent reduction in chemica l oxygen 
demand. A f i f t y - f iv e  percent reduction in chemica l oxygen demand was obtained 
with a carbon dosage of 1.5 grans per l i t e r .
Figure 320 portrays the soluble five-day biochemica l oxygen demand concen­
trations as a function of powdered activated carbon dosage. A nearly linear 
decrease in five-day biochemica l oxygen demand was observed with carbon dos­
ages up to 3.0 mi l l ig r a ms per l i te r .
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Figure 319: Soluble Chemica l Oxygen Demand Concentrations Following
Powdered Activated Carbon Treatment.
Figure 320: Soluble Five-Day Biochemica l Oxygen Demand Concentrations 
Following Powdered Activated Carbon Treatment.
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Table 23 provides the results of the granular activated carbon column 
study. The data indicate seventy-five and seventy-three percent reductions in
soluble chemica l and five-day biochemica l oxygen demands, respectively. The
aluminum, lead, and t ita n iu m removal rates were sixty-two, twenty-five, and 
twenty-eight percent, respectively. Sulfate and s ilic a  concentrations were 
reduced by about fifte e n  percent. The application rate was one gallon per 
square foot per minute.
TABLE 23
Results of Activated Carbon Column Test
Line-Soda Ash So f t e n i ng
A line-soda ash softening analysis was conducted to determine general 
dosage requirements. Specific data regarding dosage requirements Must neces­
sa rily  be developed using the specific coal quality and water quality data for 
a particu lar coal s lurry pipeline project. The water quality data fo r th is  
study are included in Table 23. At dosage rates of 136.6 mi l l ig r a ms per l i te r  
line and 313.8 mi l l ig r a ms per l i t e r  soda ash, calcium and to ta l hardness re­
moval percentages were 55 and 65 percent, respectively. Magnesium was reduced
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by about seventy-eight percent. Total hardness remaining in the treated water 
was about 106 mi l l ig r a ms per l i t e r .  Softening requirements fo r a specific 
reuse or discharge would obviously determine the extent of softening required 
for a particu lar s itua tion . The high dosage rate of soda ash used in th is  
study re flec ts  the large fraction of noncarbonate hardness present in the 
slurry wastewater.
TABLE 24
Line-Soda Ash Softening of Coal Slurry Wastewater
Hydroxide Precip ita tio n
The reduction in concentration of certain parameters using th is  tre a tment 
procedure is based on the fo rmation of insoluble, or very low s o lu b ility ,  hy­
droxide precip itates. The procedure involves adjustment of the pH to the 
level necessary for reduction in the concentration of the specific parameter 
of in te rest. Table25 provides data regarding the dosages of calcium hydroxide 
required to reach various pH levels.
The phenolphthalein and to ta l a lk a lin ity  concentrations as a function of 
pH are shown on Figure 321.
Although included in the line-soda ash softening study, the effluent mag­
nesium concentrations were also determined in the hydroxide prec ip ita tion 
study. Figure 322 shows the magnesiun concentrations in the slurry as a func­
tion of pH. Very l i t t l e  magnesium (less than one mi l l ig r a m per l i te r )  was
Parameter
Total A lka lin ity  


















Dosage Rates of Calcium Hydroxide Required
to
Reach Various pH Levels
Figure 321: A lk a lin ity  Concentrations As A Function Of pH In The
Hydroxide P re c ip ita tio n  Studies.
present in  the s lu rry  wastewater at a pH of 12. The large decrease in  magne- 
s iu m between pH 11 and 12 re f le c ts  the su b s ta n tia lly  decreased s o lu b i l i ty  of 

















Figure 322: Magnesium Concentrations As A Function Of pH In The
Hydroxide P re c ip ita tio n  Studies.
S ig n ific a n t reductions in  the s i l ic a  concentrations occurred as a re s u lt 
of hydroxide p re c ip ita t io n . These data are shown on Figure 323. The o ve ra ll 
reduction was f i f t y - s ix  percent a t a pH o f t2 . Forma tio n  o f an inso lub le  s i l -  
icon -magnesium complex probably accounted fo r  the reduction in s i l ic a .
The t i ta n iu m concentrations were reduced to  very low le ve ls , i . e .  below 
the detectable U n its  of the te s t procedure used, w ith only nomin a l pH ad jus t- 
ment. T ita n iu m concentrations p lo tted  as a function  of pH are shown on Figure
324.
Although present in  only nomin a l q u a n titie s  in  the s lu rry  wastewater i n i ­
t i a l l y ,  the n itra te  concentrations were reduced s ig n if ic a n t ly  by the app lica­
tio n  o f c a lc iu m hydroxide. A f i f t y  percent reduction in  n it ra te  re su lte d  f r o m
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Figure 323: S ilic a  Concentrations As A Function Of pH In The
Hydroxide P re c ip ita tio n  Studies.
Figure 324: T ita n ium Concentrations As A Function Of pH In The
Hydroxide P re c ip ita tio n  Studies.
the adjustment o f the pH to  9.0 and an o v e ra ll reduction o f seven ty-five  
percent resu lted  from adjustment o f the pH to 12. The residua l n itra te  con­
centra tions are p lo tted  as a function  of pH on Figure 325.
Figure 325: N itra te  Concentrations As A Function Of pH In The
Hydroxide P re c ip ita tio n  Studies.
The concentrations o f several parameters were not influenced s ig n i f i ­
can tly  by hydroxide p re c ip ita t io n . In accordance w ith  th e o re tic a l considera­
tio n s , sodium, potassium, su lfa te  and chemical oxygen demand concentrations 
remained constant as a func tion  of pH. As shown on Figure 326 the lowest lead 
concentrations were obtained at a pH of 9. The optimum pH fo r removal o f lead 
is  9.0 to  9.5 (8 ). The increase in  lead concentrations measured at higher pH 
values was a re s u lt of the increased s o lu b i l i t ie s  o f lead in  the more a lk a lin e  
so lu tions ( 8 ) .
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Figure 326: Lead Concentrations As A Function o f pH In The
Hydroxide P re c ip ita tio n  Studies.
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